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Introduction: : The insulin-like growth factor (IGF) system has been demonstrated to be involved 
in the pathogenesis and progression of prostate cancer. Specifically, it has been demonstrated to be a target 
to inhibit prostate epithelial transformation, proliferation, migration and be anti-apoptotic. Others and we 
have demonstrated that inhibition of signaling through the type 1 IGF tyrosine kinase receptor (IGF-IR) 
will inhibit prostate cancer growth and metastasis. Further, in the Preliminary data presented in this study, 
we show that the IGF-IR remains as a viable target therapy in primary prostate cancer as well as prostate 
cancer that has metastasized to bone. We have also shown, that the human IGF-IR antibody, A12, 
effectively decreases the growth of human prostate cells and xenografts in vitro and in vivo. The 
effectiveness of A12 results not only in its ability to inhibit the IGF-ligand/IGF-IR interaction but also to 
target the IGF-IR for lysosomal degradation. In addition, treatment with anti-IGF-IR agents in multiple 
murine studies has not appeared to result in significant toxicity.  We have selected for this proposal two 
areas of clinical treatment that would improve patient outcomes. These include: 1) prolongation of time to 
emergence of androgen-independent disease following castration and 2) effective therapy of bone 
metastases. Based on this background we propose the  hypothesis that: inhibition of the IGF-1R will 1) 
significantly prolong the time to progression to androgen-independent (AI) disease following castration and 
2) decrease growth of osseous prostate cancer metastases lesions while the LuCaP 35 line forms primarily 
osteolytic lesions. Thus we think that these two cell lines most accurately reflect human disease and are 
appropriate for this pre-clinical study. In order to study these issues we have used a variety of animal 
models and human prostate xenografts. The results of these studies have been published in high quality 
journal. 

 
Body: 

 
Task 1: To determine whether inhibition of IGF-IR signaling by administration of antagonistic IGF-IR 
antibody increases time to recurrence of LuCaP 35 CaP xenograft following castration.   

1.1  Determine if IGF-IR inhibition soon after castration can prolong time to emergence of 
androgen-independent (AI) prostate cancer. Months 1-12 (120mice) 

 a. Grow stock of LuCaP 35 sc in SCID mice 
 b. Implant 120 SCID mice sc with LuCaP 35 
 c. When tumors reach 150-200mm3 castrate mice. 
 d. At 7 and 14 days after castration begin antibody injection 3x week for 14 days 

following the initiation of therapy. Control animals will receive two weeks of vehicle beginning 7 days 
after castration.  

 e. Follow animals with tumor measurements and PSA. When control tumors recur, 
sacrifice 20 animals from each group. Evaluate tumors for apoptosis, cell cycle, IGGF-IR expression. 

 d. Collate data and evaluate efficacy. Determine if alternative time points needed. Prepare 
data for publication. 

1.2 Determine effectiveness of IGF-IR inhibition following tumor regrowth after  castration. 
Months 6-18 (40 mice) 

 a. Implant 60 SCID mice with LuCap 35 sc.  
 b.When tumors reach 150-200mm3 castrate mice. 
 c. When tumors recur, begin therapy with IGF-IR antibody 3x week for 6 weeks in 

treatment group and vehicle only in control group.  
 d. At six week time point post initiation of therapy sacrifice mice and begin evaluation of 

treated and untreated tumors. 
e.  Evaluate data and prepare reports and publications. 
 

Task 1 accomplishments:  This task was completed and demonstrated that treatment of mice  with IGF-IR 
hmab for 2 weeks beginning either 1 or two weeks after castration resulted in an increase in time to 
recurrence after castration that was > 5-fold that seen with castration alone. These results have been 
published :  Plymate, SR  Haugk, K  Coleman, I  Woodke, L  Vessella, R  Nelson, PS  Montgomery, RB 
Ludwig ,DL and Wu, JD. An Antibody Targeting the Type 1 Insulin-like Growth Factor Receptor Enhances 
the Castration-Induced Response in Androgen-Dependent Prostate Cancer: Clinical Cancer Research Clin 
Cancer Res. 2007 Nov 1;13(21):6429-39; Wu, JD Haugk, K Woodke, L Nelson, P, Coleman, I Plymate, 
SR. 2006  Interaction of IGF signaling and the androgen receptor in prostate cancer progression. J 
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Cell Biochem. 99:392-401.These complete references are in the appendices. Finally, the results of this task 
have led to an NIH funded clinical trial using IGF-IR hmab and castration as neoadjuvant therapy. 
 

 
Task 2. Determine influence of IGF-IR inhibition on growth of osteoblastic and osteolytic prostate cancer 
bone metastases.  

2.1 Determine efficancy of IGF-IR antibody therapy on progression of osteolytic and osteoblastic 
metastases: Months 18 – 30  (80 mice) 

 a. Establish osseous tumor implants in SCID mice with LuCaP 23.1 and LuCaP 35 
prostate cancer xenografts.  

 b. When xenografts are established in bone based on a serum PSA of 5-10 ng/nl begin 
therapy with the IGF-IR antibody 3 x a week for six weeks i.p. or vehicle control. 

 c. Perform bone densitometry as indicated. 
 d. At six weeks sacrifice all animals. Remove bone lesions, prepare slides and evaluate 

histologically as indicated in the Plan of the proposal body. 
 e. Evaluate data and prepare manuscripts for publication. 
  
2.2 Determine the effects of castration and IGF-IR inhibition on progression of osseous 

metastases: Months 24-36 (120 mice) 
 a. Establish osseous xenograpfts in SCID mice for LuCaP 23.1 and LuCaP 35 prostate 

cancer xenografts. 
 b. Castrate all animals when PSA levels are between 5 and 10 ng/ml. IGF-IR antibody or 

vehicle control administration i.p 3 x a week will be begun either 7 or 14 days after castration and treatment 
continued for 2 weeks.  

 c. When there is evidence of tumor regrowth in the control group following castration, 
based on an increase in PSA, all animals will be sacrificed. Dexa bone densitometry will be performed 
prior to sacrifice. Following sacrifice the bone  will be removed and prepared for immunohistochemistry 
and histomorphometry as described. 

 e. Evaluate and prepare data for publication. 
 f. Plan human phase 2 protocols assuming animal toxicity and human phase 1 trials have 

been successfully completed. 
 Task 2 accomplishments: These two tasks have  been accomplished and show that the 

combination of IGF-IR inhibition with a monoclonal antibody either alone or in combination with 
docetaxel significantly inhibits human xenograft growth in an interosseous position. These results have 
been reported: Wu, DD , Haugk, K Coleman, I  Woodke, L  Vessella, RL, Nelson, PS,  Montgomery, RB  
Ludwig, DL and Plymate, SR Antibodies Targeting the Type 1 Insulin-like Growth Factor Receptor 
Enhance the Activity of Docetaxel Against Androgen-independent Human Prostate Cancer.  2006 Clinical 
Cancer Res. 12:6153-60. The results of the interosseus tumors with castration and IGF-IR hmab could not 
be done because of failure of the tumor model. 

 
Work Accomplished specifically accomplished during the Nov 2007 to Nov 2008 period: 
During this reporting period we were able to show that following androgen ablation that there was 

a significant increase in IGFBP-5 on cDNA microarray analysis and this was confirmed by protein 
expression on IHC and Western blot. Furthermore, we demonstrated that the increase in BP-5 increased 
prostate epithelial cell proliferation by enhancing the activity of IGF-I on IGF-IR and that this activity 
could be inhibited by A12. This data was published: 
Xu, C., Graf, L.F., Fazli, L., Coleman,  I.M., Mauldin, D.E., Nelson, P.S., Gleave, M., Plymate, S.R., Cox, 
M.E., Torok-Storb, B.J., Knudsen, B.S.  (2007)  regulation of global gene expression in the bone marrow 
microenvironment by androgen: androgen ablation increases insulin-like growth factor binding protein - 5 
expression  Prostate, 67, 1621-1629. 

 
 
Modified SOW for period 11/08 to 08/09 
 
1.2 Determine the effects of A12 on �2 LM subunit expressing M12 xenografts  in SCID mice. 

Assuming a 90% tumor take rate we will use 12 animals/ group. 2 x 106  tumor cells will be injected sc. 
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Tumor volume will followed until the tumors have reached a volume of 200 mm3  at which time A12 will 
be injected i.p. at a dose of 40 mg/kg for 4 weeks in treated groups or a similar amount of isotype IgG in 
the control group. Mice will be followed for 4 weeks with tumors measured weekly. Mice will be treated 
according to our University of Washington IACUC protocol and DOD approved protocols. At the end of 
the four week period of time mice will be euthanized, tumors harvested and portions processed for IHC, 
Western blot, flow cytometry, culture, and RNA analysis. If not enough tissue is available for each of these 
processes, culture, paraffin blocks, and RNA will have priority. 

2.2 Determine the effects of castration and IGF-IR inhibition on progression of osseous 
metastases: Months 24-36 (120 mice) 

 a. Establish osseous xenografts in SCID mice for LuCaP 23.1 and LuCaP 35 prostate 
cancer xenografts. 

 b. Castrate all animals when PSA levels are between 5 and 10 ng/ml. IGF-IR antibody or 
vehicle control administration i.p 3 x a week will be begun either 7 or 14 days after castration and treatment 
continued for 2 weeks.  

 c. When there is evidence of tumor regrowth in the control group following castration, 
based on an increase in PSA, all animals will be sacrificed. Dexa bone densitometry will be performed 
prior to sacrifice. Following sacrifice the bone will be removed and prepared for immunohistochemistry 
and histomorphometry as described. 

 
Task 1 Research accomplishments: During this funding period we were able to determine that 

alteration in laminin beta 2 production during cell senescence markedly enhance prostate cancer growth in 
the subcutaneous position of nude mice. Furthermore these cells increased their expression of IGF-IR and 
could be inhibited by antibodies to the IGF-IR, A12, and in vitro could be inhibited by antibodies to beta 1 
integrin.  

In additional studies we demonstrated that the alterations in extracellular matrices markedly 
altered androgen regulated gene expression of prostate cancer cells that are in contact with these matrices. 

These results have been published in part in the following papers: 

Eyman D, Damodarasamy M, Plymate SR, Reed MJ. CCL5 secreted by senescent aged fibroblasts induces 
proliferation of prostate epithelial cells and expression of genes that modulate angiogenesis.J Cell Physiol. 
2009 Aug;220(2):376-81.PMID: 19360811  

Sprenger CC, Drivdahl RH, Woodke LB, Eyman D, Reed MJ, Carter WG, Plymate SR.Senescence-
induced alterations of laminin chain expression modulate tumorigenicity of prostate cancer cells. 
Neoplasia. 2008 Dec;10(12):1350-61.PMID: 19048114 

2.2 Determine the effects of castration and IGF-IR inhibition on progression of osseous 
metastases: Months 24-36 (120 mice) Task 2 was completed for LuCap 23.1. However the model for 
LuCaP 35 failed to grow. Lucap 23.12 growth in bone was marked inhibited by A12 and castration. 

 

 
Key Research Accomplishments: 

• Human monoclonal antibodies directed against the IGF-IR used as a single agent inhibit human 
prostate cancer xenograft growth in a preclinical mouse model. 

• Human monoclonal antibodies directed against the IGF-IR markedly enhance the effects of 
docetaxel on sc and intraosseous tumor growth. 

• Human monoclonal antibodies directed against the IGF-IR markedly enhance the effects of 
castration on prostate cancer growth. 

 
Reportable outcomes: 
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Papers: 

Wu, DD , Haugk, K Coleman, I  Woodke, L  Vessella, RL, Nelson, PS,  Montgomery, RB  Ludwig, DL 
and Plymate, SR Antibodies Targeting the Type 1 Insulin-like Growth Factor Receptor Enhance the 
Activity of Docetaxel Against Androgen-independent Human Prostate Cancer.  2006 Clinical Cancer Res. 
12:6153-60 

 
Wu, JD Haugk, K Woodke, L Nelson, P, Coleman, I Plymate, SR. 2006   
Interaction of IGF signaling and the androgen receptor in prostate cancer progression. J Cell Biochem. 
99:392-401 

 
Plymate, SR  Haugk, K  Coleman, I  Woodke, L  Vessella, R  Nelson, PS  Montgomery, RB Ludwig ,DL 
and Wu, JD. An Antibody Targeting the Type 1 Insulin-like Growth Factor Receptor Enhances the 
Castration-Induced Response in Androgen-Dependent Prostate Cancer: Clinical Cancer Research Clin 
Cancer Res. 2007 Nov 1;13(21):6429-39 
 
Xu C, Graf LF, Fazli L, Coleman  IM, Mauldin DE , Nelson PS, Gleave M,  Plymate SR, Cox ME,  Torok-
Storb BJ, Knudsen BS. 2008 Regulation of Global Gene Expression in the Bone Marrow 
Microenvironment by Androgen: Androgen Ablation Increases Insulin-like Growth Factor Binding Protein 
- 5 Expression Prostate: 67:1621-9. 
 
Bentov I, Narla G, Schayek H, Akita K, Plymate SR, Leroith D, Friedman SL, Werner H. Insulin-like 
growth factor-1 regulates KLF6 gene expression in a p53-dependent manner. Endocrinology. 2008 Jan 3; 
[Epub ahead of print]  

Sprenger CC, Drivdahl RH, Woodke LB, Eyman D, Reed MJ, Carter WG, Plymate SR.Senescence-
induced alterations of laminin chain expression modulate tumorigenicity of prostate cancer cells. 
Neoplasia. 2008 Dec;10(12):1350-61.PMID: 19048114 

 

Schayek, H., Haugk, K., Sun, S., True, L.D., Plymate, S.R., Werner, H. 2009 Tumor suppressor BRCA1 is 
expressed in prostate cancer and controls insulin-like growth factor-I receptor (IGF-IR) gene transcription 
in an androgen receptor-dependent manner. Clin Cancer Res. 2009 Mar 1;15(5):1558-65. Epub 2009 Feb 
17.PMID: 19223505 

Eyman D, Damodarasamy M, Plymate SR, Reed MJ. CCL5 secreted by senescent aged fibroblasts induces 
proliferation of prostate epithelial cells and expression of genes that modulate angiogenesis.J Cell Physiol. 
2009 Aug;220(2):376-81.PMID: 19360811  

  

  
 

Sprenger CC, Haugk K, Sun S, Coleman I, Nelson PS, Vessella RL, Ludwig DL, Wu JD, Plymate 
SR.Transforming Growth Factor-{beta}-Stimulated Clone-22 Is an Androgen-Regulated Gene That 
Enhances Apoptosis in Prostate Cancer following Insulin-Like Growth Factor-I Receptor Inhibition. Clin 
Cancer Res. 2009 Dec 15;15(24):7634-7641. Epub .PMID: 19996218  

 
Research Grants: 
NIH-NCI PO1 CA 85859 - Project 3  07/01/2009 – 06/30/2014 
Interaction of Androgens and IGF in Prostate Cancer Metastases. 
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This study is to determine the role of genes co-stimulated by IGF-1 and the androgen receptor in prostate 
cancer metastasis 
Paul Lange, MD-Program Director 
PI- S. Plymate  2.4 months% 
Current year budget: $253,000 
 
 
 
Veterans Affairs Merit Review  12/1/09-11/30/14 
Mechanisms of Progression to Castrate Resistant Prostate Cancer 
This study will determine have androgen receptor splice variants contribute to the progression of prostate 
cancer 
PI-S. Plymate 2.4 mo 
Current year budget $ 150,000  
 
 
NIH-NCI U-54 
Plymate –PI 3 mo 
Prostate Tumor Microenvironment 
2006-2011 
$574,000/year –Direct  costs 
 
NIH- SPORE- Program –  
Plymate PI  Project 2 (2 months) 
IGF-IR and Androgen Receptor in Prostate Cancer Progression 
2007-2012 
$168,000/yr- 
 
Imclone Systems 
Effects of Castration and IGF-IR Inhibition on Prostate Cancer 
2009-2011 
$140,000/yr 
 
Conclusions: 
Human monoclonal antibodies against the IGF-IR are effective as single agents in prostate cancer 
but are most effective when used in combination with chemotherapy or androgen ablation. 
 
References: in text 
 
 



Combined In vivo Effect of A12, aType1Insulin-Like Growth Factor
ReceptorAntibody, and Docetaxel against Prostate CancerTumors
Jennifer D.Wu,1Kathy Haugk,2 Ilsa Coleman,3 LillieWoodke,1RobertVessella,2,4 Peter Nelson,3

R. BruceMontgomery,1Dale L. Ludwig,5 and Stephen R. Plymate1,2

Abstract Purpose: A human type 1 insulin-like growth factor receptor antibody (A12) has been shown
to effectively inhibit human xenograft tumor growth, including androgen-dependent and
androgen-independent prostate tumors. Docetaxel, either as a single agent or combined
with others, has shown a survival benefit in prostate cancer patients. Based on these data, we
investigated the combined in vivo effect of A12 and docetaxel on human androgen-independent
and osseous prostate tumor growth.
Experimental Design: To study human androgen-independent prostate cancer model,
LuCaP35V tumors were implanted s.c. into castrated severe combined immunodeficient mice.
When tumors reached about 100 mm3, animals were treated with vehicle control docetaxel
(10 or 20mg/kg) and docetaxel in combinationwith A12 (40 Ag/kg) for 4weeks.To studyhuman
osseous prostate cancer model, LuCaP 23.1 tumors were implanted intratibiae.When serum
prostate-specific antigen reached 5 to10 ng/mL, treatments were initiated.
Results: A12 markedly augmented the inhibition of docetaxel on tumor growth.When docetaxel
is combined with A12, the inhibition of tumor growth continued after treatment cessation, which
was associated with continued apoptosis and decreased proliferation of tumor cells. Gene
expression profiles indicated that the posttreatment suppression of tumor growth may be due
to enhanced negative regulation of cell cycle progression ^ and/or cell survival ^ associated
genes, some of which have been shown to induce resistance to docetaxel.
Conclusions: Our findings suggest that targeting type 1 insulin-like growth factor receptor
can enhance the therapeutic effect of docetaxel on advanced prostate cancer. Our findings also
suggest a potential mechanism to improve the treatment efficacy of docetaxel in prostate cancer.

Inhibition of type 1 insulin-like growth factor receptor (IGF-IR)
signaling has been proposed as a potential means of optimizing
anticancer therapy in a number of tumor systems (1–3). We
have previously shown that interrupting the function of IGF-IR
using the human IGF-IR monoclonal antibody A12 markedly
decreases tumor size in human xenograft models of androgen-
dependent and androgen-independent prostate cancer (4). In
addition, blocking IGF-IR activation with A12 has been shown

to induce cell cycle G1 arrest in androgen-dependent prostate
tumors and G2-M arrest in androgen-independent prostate
tumors (4). Therefore, inhibition of IGF-IR signaling with A12
might enhance or suppress the activity of cell cycle–specific
chemotherapy if transition to cell cycle checkpoints is blocked.
Because tumor recovery from radiation and chemotherapy
involves activation of the IGF-IR, A12 may also be an attractive
adjunct to these modalities (5).
Docetaxel, a member of the taxane family, is one of the

newer potent anti–solid tumor agents currently undergoing
extensive laboratory and clinical investigations (6). Docetaxel is
a microtubulin active drug that causes cancer cells to arrest at
the G2-M cell cycle transition and ultimately to undergo
apoptosis (7, 8). The antimitotic mechanisms of docetaxel are
not fully understood; yet, studies have shown that docetaxel
induces expression of tumor suppressor gene p53 and cyclin-
dependent kinase inhibitor p27/Kip-1 and phosphorylation of
the antiapoptotic protein bcl-2 (9, 10). Clinical trials have
shown that docetaxel has significant activity against androgen-
independent prostate cancers (11, 12). It is the only drug to
date shown to improve survival in patients with androgen-
independent prostate cancer (13, 14). Although significant, the
median gain in life expectancy in patients with androgen-
independent prostate cancers treated with docetaxel is only 2 to
3 months (15). Some phase I studies have suggested that
docetaxel in combination with other tumor-targeting cytotoxic

Cancer Therapy: Preclinical
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agents, such as calcitriol, may extend life expectancy much
further (12).
Because the IGF-IR signaling pathways are important in

tumor growth and also are suggested as one of the possible
mechanisms by which tumor cells can survive taxane treatment
(5), we postulated that the IGF-IR would be a potential thera-
peutic target as combined therapy with docetaxel for advanced
prostate cancer. In the current study, we tested whether the
addition of the IGF-IR antibody A12 would augment or inhibit
the activity of docetaxel using two established human prostate
tumor xenograft models: the androgen-independent model
LuCaP 35V and the osseous model LuCaP 23.1 (16).

Materials andMethods

Anti-IGF-IR antibody and docetaxel. A12 is a fully human antibody
antagonist to the human IGF-IR. The generation and characterization of
A12 has been previously described (3). Docetaxel was purchased from
Aventis Pharmaceuticals (Bridgewater, NJ).

In vivo study of AI LuCaP 35V tumors. Tumor bits (20-30 mm3) of
human androgen-independent prostate tumor xenograft LuCaP 35V
were implanted s.c. into 6-week-old castrated severe combined
immunodeficient mice as previously described (4). Fifty castrated mice
were used in this study. When the implanted tumor was observed to
reach a volume of f100 mm3, animals were randomized into five
groups (10 mice per group). Group 1 animals received human IgG
treatment and were designated as controls. Group 2 animals received
docetaxel treatment at a dose of 10 mg/kg. Group 3 animals
received docetaxel treatment at a dose of 20 mg/kg. Group 4 animals
received treatment of 10 mg/kg docetaxel and 40 mg/kg A12. Group 5
animals received treatment of 20 mg/kg docetaxel and 40 mg/kg A12.
All treatments were given i.p. Docetaxel was given once a week. A12 was
given thrice a week. All animals were treated for 4 weeks and monitored
for additional 4 weeks before euthanization. Tumors were measured
twice weekly. Tumor volume was estimated by the formula: volume = L
� W2/2. Animals were weighed twice a week. Blood samples were
collected from orbital sinus weekly. Serum was separated, and prostate-
specific antigen (PSA) level was determined using the IMx Total PSA
Assay (Abott Laboratories, Abott Park, IL). Bromodeoxyuridine
(BrdUrd) was injected into the tumors 1 hour before the animals were
euthanized for evaluation of in vivo tumor cell proliferation rate.

Following our University of Washington Institutional Animal Care
and Use Committee–approved protocol, animals in the control group
were euthanized at an earlier time point when tumors reached a volume
of 1,000 mm3. After euthanization, tumors were collected and halved. A
portion of the tumors were fixed in 10% neutral buffer formalin and
embedded in paraffin. The remaining portion of the tumors was
separated into single cells mechanically by mincing and filtering
through 70-Am nylon sieves.
Apoptosis and cell cycle assay. Apoptosis and cell cycle were

measured by terminal deoxynucleotidyl transferase–mediated nick
end labeling assay and propidium iodide staining using the ApoDirect
kit (BD Biosciences, San Jose, CA) as previously described (4). Cells
(1 � 106) from the single-cell suspension of tumors were fixed with
10% neutral buffer formalin followed by 70% ethanol at �20jC for
30 minutes. After several washes, cells were permeabilized with 0.1%
Triton X-100 and incubated with FITC-conjugated dUTP and terminal
deoxynucleotidyl transferase enzyme at 37jC for 1 hour, followed
by an incubation with propidium iodide/RNase buffer (100 Ag/mL
of propidium iodide, 50 Ag/mL RNase) at room temperature for
60 minutes. Samples were analyzed by flow cytometry using a BD
FACScan. Data were analyzed with CellQuestPRO software.
Evaluation of BrdUrd incorporation. Five-micrometer tumor sec-

tions were deparaffinized and rehydrated. Antigens were retrieved with
0.01 mol/L citric acid (pH 6) at 95jC for 10 minutes. After quenched

endogenous peroxidase activity and blocked with 1.5% goat serum,
sections were incubated with mouse anti-BrdUrd antibody (1 Ag/mL)
or control mouse IgG for 1 hour followed by sequential incubation
at room temperature with biotinylated goat anti-mouse IgG for
30 minutes, peroxidase-labeled avidin for 15 minutes (Santa Cruz
Biotechnology, Santa Cruz, CA), and diaminobenzidine/hydrogen
peroxide chromogen substrate (Vector Laboratories, Burlingame, CA).
Sections were counterstained with hematoxylin (Sigma, St. Louis, MO)
and mounted with permount (Fisher Scientific, Fair Lawn, NJ). Slides
were examined under a Zeiss Microscope, and digital images were
obtained. Ten random views were evaluated from each section. Rate of
BrdUrd uptake was calculated by the number of BrdUrd-positive nuclei
divided by the total number of nuclei.

Androgen-dependent intraosseous study. Osseous LuCaP 23.1 hu-

man prostate tumor bits (20-30 mm3) were mechanically digested as

previously described (17). Viable LuCaP 23.1 cells (2-5 � 105) were

injected into the tibiae of 6- to 8-week-old severe combined

immunodeficient mice. Twenty-one mice randomized into three groups

were used for this study. After tumor injection, serum PSA was

monitored weekly. Treatment started when serum PSA level reached

5 to 10 ng/mL, an indication of tumor growth. Group 1 received

control vehicle saline buffer. Group 2 received 20 mg/kg of docetaxel

i.p. once a week for 4 weeks. Group 3 received 20 mg/kg of docetaxel

once a week and 40 Ag/kg of A12 i.p. thrice a week for 4 weeks. To

determine whether the response to treatment was osteoblastic or

osteolytic, bone density was obtained by Dexa-scan and X-rays of the

animals at the end point of all treatments.
Measurement of serum A12. Serum A12 was quantitated using a

human IgG binding ELISA. Goat anti-human IgG (Sigma) was
immobilized in 96-well plates and blocked with 1% skim milk/PBS.
Mouse serum samples were tittered onto the plates, and bound human
IgG was detected with horseradish peroxidase–conjugated goat anti-
human IgG secondary antibody (Jackson ImmunoResearch, Bar
Harbor, MN). Signal was visualized using TMB detection reagents
(KPL, Guithersburg, MD), and absorbance was measured at 405 nm.
A12 were quantitated using a standard curve.
Statistical analysis. Differences among treatment groups were

assessed by a one-way ANOVA. Statistical significance between means
of two paired groups was assayed using Student’s t test with Bonferroni
correction; 95% confidence interval (P < 0.05) was considered
significant. Stepwise regression analysis for calculating tumor growth
rate was done using Statview 5.0 (Calabasas, CA).
cDNA microarray analysis. Custom Prostate Expression Data Base

cDNA microarrays were constructed as previously described using
clones derived from the Prostate Expression Data Base, a sequence
repository of human prostate expressed sequence tag data available to
the public (http://www.pedb.org; refs. 4, 18, 19). The inserts of
individual cDNA clones were amplified by PCR, purified, and spotted
in duplicates onto glass microscope slides (Gold Seal, BD Biosciences)
with GeneMachine OmniGrid 100. Methods of labeling with Cy3 and
Cy5 fluorescent dyes, hybridization to the microarray slides, and array
processing were as described (20).

Five tumors were pooled in each experimental group. RNA was
prepared from the pooled tumors using Trizol (Invitrogen, San Diego,

CA). cDNA was synthesized using the Ambion MessageAmp II Amplifi-
cation kit. Hybridization probes were labeled, and quality control of

the array experiments was done as described previously (20). Differences

in gene expression associated with treatment groups were determined
using the SAM procedure (http://www-stat.stanford.edu/_tibs/SAM/)

with a false discovery rate of <0.05% considered significant (21).
Real-time reverse transcription-PCR. A standard PCR fragment of the

target cDNA was purified. A series of dilutions of the standards from
10 ng/AL to 10�3 pg/AL were used for real-time reverse transcription-PCR
to generate the standard curves. One microgram of total RNA from each
group of pooled tumor was used for first-strand cDNA synthesis using
Superscript First Strand Synthesis System (Invitrogen). Real-time reverse
transcription-PCR was done in 20 AL of reaction mixture consisted of
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1 AL of first strand of cDNA, specific primers sets, and Lightcycler
FastStart DNA Master Plus SYBR Green using a Roche Lightcycler
following the manufacturer’s protocol (Roche, Nutley, NJ). Reverse
transcription-PCR products were subjected to melting curve analysis on
Lightcycler software v3.5. The amplicon sizes were confirmed by agarose
gel electrophoresis. Each sample was assayed in duplicate.

Results

IGF-IR antibody A12 augments the inhibitory effect of
docetaxel on tumor growth. Two doses of docetaxel were
chosen for this study. The dose of 20 mg/kg had been shown
in our preliminary studies to be a dose that had maximum
suppression on tumor growth without significant toxicity to
mice. A higher dose (30 mg/kg) did not show a greater rate of
tumor suppression but did result in significant toxicities to
animals, including weight loss and mortality (data not shown).
We specifically chose 10 mg/kg as a suboptimal dose to show
synergy with A12 in tumor suppression. The optimal dose of
40 Ag/kg of A12 has been previously determined (3).
The LuCaP 35V xenograft tumors grew aggressively with an

average increase in volume of 362.0F 72.0 mm3/wk in animals
that received control human IgG (Fig. 1A); all animals had to
be sacrificed within 3 weeks after treatment initiation, due to
tumor volumes exceeding 1,000 mm3. When animals were
treated with 40 Ag/kg A12 alone, tumor growth rate was
reduced to 192.7 F 35.6 mm3/wk during treatment. However,
after stopping treatment, 50% of the animals have to be
sacrificed at follow-up week 2, and all animals have to be
sacrificed at follow-up week 4, due to recovery of tumor growth.
When animals were treated with a suboptimal dose of docetaxel
(10 mg/kg), tumor growth rate was reduced to an average of
29.6 F 6.1 mm3/wk. When treatment included 10 mg/kg of
docetaxel in combination with A12, tumor growth rate was
further reduced significantly to an average of 7.9 F 1.0 mm3/
wk (Fig. 1B; P < 0.01). In addition, after termination of all
therapy, the inhibitory effect of docetaxel combined with A12
persisted, whereas tumor growth recurred significantly in
animals that had received docetaxel alone (Fig. 1B; P < 0.01).
When animals were treated with a high dose of docetaxel

(20 mg/kg), tumor growth was significantly inhibited during
the 4-week treatment period compared with 10 mg/kg of
docetaxel (Fig. 1B; P < 0.001). The combination of 20 mg/kg of
docetaxel with A12 did not significantly reduce tumor volume
compared with 20 mg/kg docetaxel alone during the 4-week
treatment period. However, following treatment cessation,
tumor growth significantly recurred at an average rate of
32.0 F 16.1 mm3/wk in animals that had received 20 mg/kg
docetaxel alone (P < 0.01), whereas there was no tumor growth
in animals that had received 20 mg/kg of docetaxel combined
with A12. The posttreatment suppression of tumor growth
persisted for at least 4 weeks to the point when the study was
terminated. Together, these results suggest that, for a given dose
of docetaxel, combined treatment with A12 can enhance the
inhibitory effect of docetaxel on tumor growth during
treatment and after treatment follow-ups.
PSA is a commonly used clinical variable to assess prostate

tumor growth (21, 22). We, thus, measured serum levels of PSA
in animals during and after the treatments. As shown in Fig. 1C,
except in animals treated with 10 mg/kg of docetaxel alone, no
significant change in serum levels of PSA was seen during the
4-week treatment in the other groups of animals, reflecting

the suppressed tumor growth. After treatment termination,
serum PSA levels significantly increased in animals treated with
docetaxel alone (P < 0.05) and remained unchanged or even
decreased in animals treated with docetaxel in combination

Fig.1. Effects of A12, docetaxel, and docetaxel combined with A12 (40 mg/kg) on
LuCaP 35V xenograft tumor growth during and posttreatment.Tumor bits of
LuCaP 35V were implanted s.c. into castrated severe combined immunodeficient
mice and allowed to grow tof100 mm3. Groups of animals were treated with
control vehicle saline buffer, docetaxel (10 or 20 mg/kg body weight), or docetaxel
and A12 (40 Ag/kg) thrice a week. All treatment stopped at week 4, and animals
were monitored for posttreatment response for four more weeks.Tumor size
was measured twice a week, and tumor volume was estimated by the formula:
volume = L �W2/2. A, tumor growth in animals treated with control human IgGor
A12. B, tumor growth in animals during and after treatment (Rx) of 10 mg/kg of
docetaxel (Doc10), 20 mg/kg of docetaxel (Doc 20), Doc10 + A12, and Doc 20 +
A12. C, serum PSA levels reflect the differences in tumor growth. Serumwas
separated from blood by centrifugation, and levels of PSAwere determined using
the IMxTotal PSA assay. Points, mean; bars, SE.
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with A12 at experiment end points. These data are in agreement
with the continued posttreatment inhibition of tumor growth
in animals that had received docetaxel combined with A12.
Induction of apoptosis by docetaxel in combination with

A12. We investigated the effect of docetaxel combined with
A12 on cell cycle and cell survival after treatment cessation
using terminal deoxynucleotidyl transferase–mediated nick
end labeling assay and propidium iodide staining. In animals
that had received A12 or docetaxel alone, no apoptosis was
found in tumors at 4 weeks posttreatment (Fig. 2A). Instead,
following treatment cessation, tumor growth recurred, and
tumor cells proceeded to a normal control cell cycle index of
G1, S, and G2-M phases, respectively, at 71.0 F 1.4%, 6.2 F
2.5%, and 21.0 F 3.7% in the majority of animals (88-100%).
On the contrary, in animals that had received docetaxel in
combination with A12, tumor cells failed to proceed to normal
cell cycle progression after therapy stopped; apoptosis or

preapoptotic G0-G1 cell cycle arrest was found in tumors in a
significant percentage of animals (77.8-100%). The average
apoptotic events in these apoptosis-positive tumors occurred at
an index of 15.0 F 4.3% (data not shown).
Enhanced inhibition of cell proliferation by docetaxel in

combination with A12. To further evaluate posttreatment tumor
cell proliferation, paraffin sections of tumors were stained with
anti-BrdUrd antibody. No significant difference in posttreatment
BrdUrd uptake in tumors was found between docetaxel-treated
animals and animals in the control group (Fig. 2B). A significant
suppression in posttreatment BrdUrd uptake was shown in
animals that had received combined treatment of docetaxel
and A12 (Fig. 2B; P < 0.01). These data are consistent with the
above observations of cell cycle and apoptosis, suggesting that
A12 significantly enhanced the cytotoxic effects of docetaxel
and, in turn, reduced tumor cell survival and proliferation.
Differential regulation of gene expression in tumors treated with

docetaxel combined with A12 versus docetaxel alone. To deter-
mine potential mechanisms for the markedly enhanced effect of
docetaxel by A12, we first examined IGF-IR expression in all
harvested tumors by immunohistochemistry and flow cytometry
analysis. There was no difference in surface IGF-IR expression
among all the treatment groups or compared with the control
group (data not shown). This suggests that the enhanced effect of
docetaxel by A12 is unlikely, or in part, due to A12 induced
down-regulation of IGF-IR expression, which is consistent with
our previous observation in the LuCaP 35V xenografts (4). We
next compared differences in posttreatment gene expression in
tumors from animals that had received 20 mg/kg of docetaxel
and 20 mg/kg of docetaxel combined with A12, using cDNA
microarray analyses. Based on SAM analyses, 49 genes were
identified as differentially expressed in tumors that received
combined treatment of docetaxel and A12 compared with those
received docetaxel alone, with >2-fold change and <10% false
discovery rate (data not shown). Because the effects of docetaxel
and docetaxel combinedwith A12 on tumors showed differences
in apoptosis and cell proliferation, we have since identified 13 of
the 49 genes that are potentially involved in regulation of
apoptosis or cell cycle (Table 1). All 13 genes were at least 2-fold
different between the two treatments and had a false discovery
rate of <0.02%. Nine genes were down-regulated, and four genes
were up-regulated in the docetaxel combined with A12-treated
tumors compared with docetaxel alone–treated tumors. We
validated these expression differences in selected genes by
real-time reverse transcription-PCR and compared their expres-
sion to which in tumors with A12 treatment alone (Fig. 3).
Of the down-regulated genes, TUBB and BIRC5 are of

particular interest. Overexpression of TUBB has been shown to
result in resistance to docetaxel (23); increased expression of
BIRC5 (survivin) has been shown to be associated with
aggressive prostate cancer and resistance to antiandrogen
therapy (24, 25). Here, we show that A12 treatment alone
down-regulated TUBB and survivin expression, which may
account for possible mechanisms of A12 augmenting the effect
of docetaxel. Furthermore, TUBB is an IGF-IR–regulated gene
that is involved with IGF-IR–mediated transformation (26). Of
the four up-regulated genes, IGFBP3 has been shown to inhibit
IGF ligand signaling as well as to induce apoptosis in prostate
tumor cells in a ligand-dependent manner (27–30).
Posttreatment serum levels of A12. We measured posttreat-

ment serum levels of A12 in animals that had received

Fig. 2. A, cell cycle activity and apoptosis in percentage of tumors in each
treatment group at the time of animal euthanization. Data showing posttreatment
normal cycle progression with no apoptosis in tumors treated with docetaxel orA12
alone and apoptosis in tumors treated with docetaxel in combination with A12.
Single-cell suspension of the tumor cells (1�106) were fixed and permeabilized for
terminal deoxynucleotidyl transferase ^ mediated nick end labeling assay and
propidium iodide staining as described in Materials and Methods. Apoptosis is
shownby FITC-conjugated dUTP incorporationbasedon terminal deoxynucleotidyl
transferase ^ mediated nick end labeling assay. Results were analyzed using a BD
FACScan and CellQuestPro software. B, BrdUrd labeling showing significant
posttreatment inhibition in cell proliferation in tumors treated with docetaxel in
combination with A12 (Doc + A12). BrdUrd was injected into the tumors1hour
before animals were euthanized. One-quarter portion of the tumor was fixed,
embedded in paraffin, and sectioned for BrdUrd incorporation analysis by
immunohistochemistry using the anti-BrdUrd antibody. Rate of BrdUrd uptake is
calculated by the number of BrdUrd-positive nuclei divided by the total number of
nuclei at �200 magnification.Ten fields were observed per slide. Columns, mean;
bars, SE.
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docetaxel combined with A12. Serum A12 levels declined 100-
fold 2 weeks after treatment cessation (Fig. 4A). Serum A12 was
detected only at a very low level in animals at posttreatment
week 4 (Fig. 4A). These data suggest that posttreatment serum
residual A12 may in part contribute to the prolonged inhibition
of tumor growth.
Pharmacotoxicity evaluation. Although A12 has >95% cross-

reactivity with murine IGF-IR,6 no abnormal daily activity or
behavior changes were apparent in animals treated with
combined reagents or docetaxel alone compared with control
tumor bearing. No significant effect on kidney cells was
observed in any treatment group by both cell cycle and
apoptosis assays (data not shown). No significant change in
body weight was observed among treatment groups (Fig. 4B).
These observations suggest that combined treatment of
docetaxel and A12 did not display significant toxicity in
animals.
A12 enhances the inhibitory effects of docetaxel on osseous

human prostate cancer xenografts. We further investigated how
the combined treatment of docetaxel and A12 would affect
prostate tumor growth in a bone environment, using the
established osseous prostate cancer xenograft model LuCaP23.1
(17). During treatment, docetaxel alone or docetaxel combined
with A12 significantly inhibited LuCaP 23.1 tumor growth as
reflected by suppression of serum PSA levels (Fig. 5A), with no
significant difference between the two treatments. However,
after treatment cessation, serum PSA began to increase
significantly in animals that had been treated with docetaxel
alone, indicating a regrowth of the tumor, whereas a continued
suppression of serum PSA level was shown in animals that
received combined treatment, indicating a prolonged period of
posttreatment tumor quiescence. Serum PSA levels were shown
to correlate with bone density and radiographed tumored bone

sizes (Fig. 5B). As measured at week 5, the average bone density
in the control, docetaxel 20, and docetaxel 20 combined with
A12 treated animals was 0.112F 0.01, 0.09F 0.02, and 0.05F
0.009 (mean F SE), respectively. There was an apparent trend
towards a decrease in bone density with treatment.

Discussion

Recent studies have shown that treatment of androgen-
independent prostate cancer with docetaxel results in a signi-
ficant prolongation of life (11, 12, 18). Improving the efficacy
of docetaxel by inhibiting prosurvival pathways or enhancing
docetaxel effect on apoptosis has implications for treatment of
prostate cancer and many other malignancies (13, 14). In this
preclinical study, we showed that blocking signaling through

Table 1. Posttreatment differential gene expression in docetaxel + A12–treated tumors compared with
docetaxel alone–treated tumors

HUGO Name GO function Fold
change

False discovery
rate (%)

Down-regulated genes
CDC2 Cell division cycle 2 Cytokinesis; mitosis 3.0 V0.02
CDC6 CDC6 cell division cycle 6 homologue Negative regulation of cell proliferation 2.2 V0.02
CCNA2 Cyclin A2 Regulation of CDK activity 2.1 V0.02
MYBL2 V-myb myeloblastosis viral

oncogene homologue (avian)-like 2
Antiapoptosis; development;

regulation of cell cycle
3.2 V0.02

TUBB Tubulin h polypeptide Microtubule-based movement
taxane resistance

2.3 V0.02

K-Alpha-1 Tubulin a ubiquitous Microtubule-based movement
taxane resistance

2.5 V0.02

BIRC5 Baculoviral IAP repeat-containing 5 (survivin) Antiapoptosis 2.5 V0.02
CDC25B Cell division cycle 25B Positive regulation of cell proliferation 2.0 V0.02
MYC V-myc myelocytomatosis viral oncogene

homologue (avian)
Cell cycle arrest 2.5 V0.02

Up-regulated genes
TOB1 Transducer of ERBB21 Negative regulation of cell proliferation 2.2 V0.02
CCNG2 Cyclin G2 Cell cycle checkpoint 2.1 V0.02
IGFBP3 IGF binding protein 3 Regulation of cell growth, proapoptotic 2.0 V0.02
BIRC3 Baculoviral IAP repeat-containing 3 Antiapoptosis; cell surface receptor–

linked signal transduction
2.2 V0.02

Fig. 3. Real-time reverse transcription-PCR showing the relative expression levels
ofTUBB, survivin, and MyBL2 in tumors received combined treatment of docetaxel
and A12 compared with those that received docetaxel orA12 alone. Columns,
mean; bars, SE.6 Ludwig, unpublished data.
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the IGF-IR could enhance the therapeutic efficacy of docetaxel.
The addition of A12 improved androgen-independent prostate
tumor responses at two doses of docetaxel, the lower of which
has shown less effective in inhibiting tumor growth in the
current and other in vivo studies (31). In animals treated with
docetaxel alone, androgen-independent tumor growth resumed
almost immediately upon discontinuing therapy, and by 4
weeks, cell cycle kinetics and BrdUrd uptake were equivalent to
the controls. In contrast, when A12 was given in conjunction
with docetaxel, posttreatment suppression of androgen-inde-
pendent tumor growth was significantly prolonged with
ongoing apoptosis even up to 4 weeks after treatment was
stopped. In the osseous human prostate cancer xenograft model
LuCaP 23.1, the combination of A12 and docetaxel also
produced a greater and more prolonged decrease in tumor
growth than docetaxel alone.
We have previously reported that A12 given as a single agent

inhibits tumor growth in the LuCaP35V by inducing cell cycle
G2-M arrest, rather than by induction of cell cycle G1 arrest or

apoptosis (4). In the present report, A12 enhanced the
apoptotic effect induced by docetaxel. Multiple studies have
shown that signaling through the IGF-IR with subsequent
activation of antiapoptotic pathways is a mechanism for
recovery of tumor cells from chemotherapeutic and radiation
therapies, including taxanes (5). Although multiple antiapop-
totic pathways are stimulated by activation of the IGF-IR, the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway is most
prominent (32). We have previously shown that A12 inhibits
the PI3K/Akt pathway in the LuCaP 35V xenograft (4).
Therefore, the mechanism by which A12 prolongs or accen-
tuates the effect of docetaxel seems to be, at least in part, by
inhibition of antiapoptotic pathways that permit recovery from
docetaxel treatment. It should also be noted that persistence of
circulating A12 in serum due to the long half-life of antibody
therapies may in part contribute to the prolonged inhibition of
tumor growth. We measured posttreatment serum levels of A12
in animals that had received docetaxel combined with A12.
Serum A12 was detectable in animals through posttreatment
week 4 (Fig. 4A).
After treatment termination, apoptosis and cell cycle arrest

continued in tumors from the combined treatment of A12 and
docetaxel. Gene profiling analyses indicated that the posttreat-
ment prolonged effects of combined reagents may largely be
due to the continuation of A12 enhanced down-regulation of

Fig. 4. A, posttreatment serum levels of A12, showing no significant amount of
posttreatment residual A12 at the study end point. SerumA12was quantitatedusing
a human IgG binding ELISA and a standard A12 curve. B, pharmacotoxicity
evaluation showing combined treatment of docetaxel (Doc) and A12 did not
facilitate significant additional weight loss in animals compared with those treated
with docetaxel orA12 alone. Points, mean; bars, SE.

Fig. 5. A, serum PSA levels from severe combined immunodeficient mice in which
LuCaP 23.1human prostate xenografts were injected intratibially. Control animals
were injected with vehicle saline buffer. Doc 20 animals received 20 mg/kg
docetaxel once aweek. Doc 20 + A12 animals received 20 mg/kg docetaxel once a
week and 40 mg/kg A12 thrice a week. All treatment was stopped at 4 weeks.
Note that the Doc 20 and Doc 20 + A12 animals had significantly lower levels of
PSA at treatment week 4 (*, P < 0.05) compared with control animals. After
treatment stopped, PSA levels in the Doc 20 animals began to arise within a week,
whereas PSA levels in the Doc and A12 animals remained significantly lower than
those in the control and Doc 20 animals throughout the remainder of the study
(#, P < 0.05). B, representative radiographs, serum PSA, and Dexa bone density
(BMD) of animals measured at week 5 from each group. Note the correlation
between serum PSA and radiographed enlargement in the tumored leg (right).
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cell cycle progression– or/and cell survival–associated genes
and up-regulation of cell cycle–negative regulators or/and
proapoptotic genes. Several gene products that positively
regulate cell cycle progression (CDC2, CDC6, CCNA2 , and
CDC25B ; refs. 33–35) or cell survival (BIRC5 andMYBL2; refs.
24, 36) were significantly down-regulated in tumors pretreated
with A12 and docetaxel compared with docetaxel alone,
whereas other genes that negatively regulate cell cycle progres-
sion or survival were significantly up-regulated (e.g., TOB1,
CCNG2 , and IGFBP3 ; refs. 28, 30, 37, 38). These changes in
posttreatment gene expression after the combined therapy are
consistent with the failure of these tumor cells to reenter the cell
cycle and eventually to undergo apoptosis. Interestingly, some
of these down-regulated genes, such as CDC6, CCNA2, BIRC5 ,
and CDC25B , were also found down-regulated in tumors
treated with A12 alone (39), further suggesting that the
posttreatment prolonged inhibition of tumor growth is due
to the augmented effect of A12 in suppressing or mitigating
the activity of cell cycle/survival–related genes during treat-
ment. Two genes, TUBB and K-Alpha-1 (23, 40), that are
specifically related to docetaxel resistance are down-regulated
following cessation of combined treatment, suggesting that
blocking IGF-IR with A12 may potentially abrogate resistance
mechanisms and allow a prolonged chemotherapeutic effect.
Whether the down-regulation of these genes is simply an
indication of the failure of tumors to reenter the cell cycle or
represents specific therapy-related effects is the focus of ongoing
studies.
Docetaxel induces cell death by multiple mechanisms, many

of which might be augmented by suppression of IGF-IR
signaling. Prerequisite for taxane cytotoxicity is initial pertur-
bation of microtubule dynamics followed by induction of
mitotic arrest and ultimately activation of the mitochondrial
pathway of apoptosis. Resistance to taxanes may result from
interference with each of the steps to induction of apoptosis.
These include modulation of the isoforms of the taxane target
h-tubulin (41), up-regulation of cell cycle regulatory protein
p21Cip1 (42), inhibition of proapoptotic BAD, and up-
regulation of prosurvival pathways involving Bcl-2 and PI3K.
IGF-IR signaling rescues cells from apoptotic stress by main-

taining Bcl-2 levels, suppressing BAD and up-regulating PI3K
activation (32, 43). Induction of the IGF-IR interacting protein
RACK induces p21, p27, and G0-G1 arrest, all of which would be
predicted to mediate resistance to taxanes (44). Previous work
from our group shows that A12 treatment alone induces G2-M
arrest; the combination of A12 and docetaxel may induce
mitotic catastrophe in tumor cells and fail to reenter cell cycle
even after treatment cessation, which ultimately resulted in cell
death. We have also shown previously that A12 treatment
suppresses PI3K activity, suggesting that the cell cycle regulatory
pathways and blockade of PI3K are among the most relevant to
A12 enhancement of docetaxel cytotoxicity. The ability of A12 to
both enhance initial chemotherapy responses and induce a
persistent reduction in tumor growth with ongoing spontaneous
apoptosis is unique among agents used to sensitize cells to
taxanes. How this effect is mediated, either through prolonged
down-regulation of IGF-IR expression, inhibition of drug efflux,
or inhibition of tumor angiogenesis (45), will have important
implications for its use in patients with advanced prostate cancer.
In summary, in this study, we have shown that addition of an

IGF-IR antibody A12 to docetaxel results in a significant
increase in antitumor activity in two human prostate cancer
xenograft models. The effect seems to be due to A12-enhanced
down-regulation of cell cycle progression/cell survival–associ-
ated genes and/or up-regulation of proapoptotic genes that
results in an inhibition of recovery from apoptosis induced by
docetaxel. No obvious toxicity was seen from the combination
therapy that was not observed in our previous studies with A12
as a single agent (4). Furthermore, this study supports the
potential for future clinical trials in androgen-independent and
bone-metastasized prostate cancer with combinations of an
approved chemotherapeutic agent and an inhibitor of IGF-IR
signaling, such as the human monoclonal A12 antibody.
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Interaction of IGF Signaling and the Androgen Receptor
in Prostate Cancer Progression
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Abstract The insulin-like growth factor type I receptor (IGF-IR) has been suggested to play an important role in
prostate cancer progression and possibly in the progression to androgen-independent (AI) disease. The termAImay not be
entirely correct, in that recent data suggest that expression of androgen receptor (AR) and androgen-regulated genes is the
primary association with prostate cancer progression after hormone ablation. Therefore, signaling through other growth
factors has been thought to play a role inAR-mediatedprostate cancer progression toAI disease in the absence of androgen
ligand. However, existing data on how IGF-IR signaling interacts with AR activation in prostate cancer are conflicting. In
this Prospect article, we review some of the published data on the mechanisms of IGF-IR/AR interaction and present new
evidence that IGF-IR signaling may modulate AR compartmentation and thus alter AR activity in prostate cancer cells.
Inhibition of IGF-IR signaling can result in cytoplasmic AR retention and a significant change in androgen-regulated gene
expression. Translocation of AR from the cytoplasm to the nucleus may be associated with IGF-induced depho-
sphorylation. Since fully humanized antibodies targeting the IGF-IR are now in clinical trials, the current review is
intended to reveal the mechanisms of potential therapeutic effects of these antibodies on AI prostate cancers. J. Cell.
Biochem. 99: 392–401, 2006. � 2006 Wiley-Liss, Inc.

Key words: insulin-like growth factor type I receptor (IGF-IR); androgen receptor (AR); androgen-independent (AI)
prostate cancer; AR co-regulators

In the presence or possibly absence of andro-
gen ligand, the androgen receptor (AR) translo-
cates from the cytosol to the nucleus and
functions as a transcriptional factor, which
may be necessary or even crucial for the
progression of prostate cancer [Scher and
Sawyers, 2005]. Classically, in the absence of
androgen ligand, AR remains in the cytosol and
is not active. Thus, it is of particular interest
that malignant prostate cancer progression
occurs frequently in men who have been

surgically or chemically castrated. The progres-
sion of prostate cancer after castration has been
termed androgen-independent (AI) prostate
cancer. More interestingly, animal studies
showed that when the expression of AR was
disrupted, prostate cancer ceased to progress
[Taplin and Balk, 2004]. All these together
posed a conundrum if the AR, rather than the
androgen ligand, is a driving force in prostate
cancer progression. If so, it would suggest
that the AR is functioning in a non-classical
manner in the absence of steroid ligand.
Although non-genomic mechanisms for AR
function have been proposed through an inter-
action with SRC–Raf–Ras–Map kinase in the
cytosol rather than the nucleus, this ‘‘tradi-
tional’’ non-genomic mechanism also requires
the presence of androgen ligand and would not
explain progression of disease in a ligand-
independent manner [Kousteni et al., 2001;
Pandini et al., 2005].

The concept of AR functioning in AI progres-
sion was first proposed by Mohler and colleages
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[Gregory et al., 1998; Mohler et al., 2004]. In
relevant studies, tumor biopsies were taken
from prostate cancer patients who had been
androgen ablated and presented with progres-
sion of the cancer [Gregory et al., 1998; Mohler
et al., 2004] In these samples, the AR primarily
resided in a nuclear location, contrary to what
had been expected in a castrated environment.
This may in part due to residual levels of
androgen in the prostate tissue. When tissue
levels of androgen, testosterone, and dihydro-
testosterone (DHT), were measured, although
lower than in non-castrated men, they were still
detected in the nanomolar range in many of the
castrated men [Titus et al., 2005a]. This subtle
level of tissue androgen may account for the
nuclear localization of the AR and signal to
activate an AR transcriptional program. The
failure of castration to completely abolish
intraprostatic androgens has also been evi-
denced in the study where normal men were
placed on a GnRH antagonist for 4 weeks and in
whom serum levels of testosterone (T) and DHT
were clearly in the castrate range (Page and
Bremner, personal communication). The source
of the androgens in these castrate men has yet to
be determined; however, the most likely source
would be conversion from adrenal androgens.
The prostate has active 5a-reductase systems
for both isoforms I and II ensuring that
circulating T can be readily converted to DHT
in the prostate [Titus et al., 2005b]. In addition,
recent microarray data has shown that the
prostate contains mRNAs for the enzymes
necessary for the conversion of cholesterol
precursor into DHT; however this conversion
has not been demonstrated in the prostate.
Anti-androgen drugs, such as biclutamide, have
not been shown to alter the translocation of the
AR to the nucleus in prostate specimens from
men treated with combined androgen blockade
[Mohler et al., 2004]. Therefore, it is not clear
whether it is the low levels of androgens driving
prostate cancer progression in castrated men.
Until a total androgen ablation mechanism in
men is developed, the importance of residual
androgens in tumor progression cannot be
determined.

Castration studies on prostate cancer xeno-
graft and transgenic mouse models support the
speculation that residual androgen production
following castration is only the partial driving
force for tumor progression. Since mice do not
produce adrenal androgens to any significant

degree, castration in a mouse results in ‘‘com-
plete androgen ablation’’ [Van Weerden et al.,
1992]. In these models, tumors progress from
androgen-dependent (AD) to AI following cas-
tration in spite of the fact that prostate specific
androgen levels decrease to nearly undetectable
levels, suggesting that residual androgens are
unlikely to play a part in post-castration tumor
progression [Thalmann et al., 2000; Corey et al.,
2003]. We and others have shown that, in these
models, the majority of tumor nuclei still
contain AR after castration although some of
the AR moves from the nucleus to the cytoplasm
(Fig. 1). Furthermore, androgen-regulated
genes continue to be expressed in ‘‘AI’’ disease
[Corey et al., 2003]. Together, these data
suggest that other mechanisms beyond the
traditional ligand-receptor interaction of AR
signaling are responsible for AD to AI prostate
cancer progression.

Alterations in co-regulators of the AR, which
may enhance ligand-independent AR transloca-
tion to the nucleus and binding to DNA, have
been suggested as one of the mechanisms for
ligand-independent AR signaling [Gregory
et al., 1998; Fujimoto et al., 1999; Kang et al.,
1999; Sadar, 1999; Sadar and Gleave, 2000;
Mohler et al., 2004]. It has been suggested that
some peptide growth factors can act directly at
the androgen-binding domain of the AR or
indirectly through modifying the phosphoryla-

Fig. 1. IGF-IR signaling-induced translocation of AR into the
nucleus in xenograft human prostate tumors. a: AR compart-
mentalization in the nucleus in intact animals.b: Blocking IGF-IR
signaling with antibody A12 caused cytoplasmic retention of AR
in intact animals. c: AR in the nucleus in castrated animals.
d: A12 induced marked AR retention in the plasma in castrated
animals.
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tion status of the AR or its co-regulators to
initiate AR signaling [Culig et al., 1994, 1995;
Sadar, 1999; Sadar and Gleave, 2000; Lin et al.,
2001]. In this ‘‘Prospectus’’ we examined the
interactions between AR function and the
activation of type 1 insulin-like growth factor
receptor (IGF-IR). Among peptide growth fac-
tor-induced cell signaling, IGF activated IGF-
IR signaling is a potential driving force for the
growth of AI prostate cancer for several reasons
as listed in Table I. In the following sections, we
will examine the evidence for each of these
components of potential interaction between
the IGF-IR and AR.

IGF-IR IS NECESSARY FOR CELL
TRANSFORMATION

Fibroblasts from IGF-IR knock out mice R�do
not transform spontaneously when compared
to Rwt control cells. When the IGF-IR is re-
expressed in these fibroblasts, transformation
takes place. In SV40T immortalized prostate
epithelial cells, inhibition of IGF-IR expression
with an antisense construct significantly
decreases colony formation in soft agar, a
marker of transformation. In studies when
growth hormone and IGF deficient LID mice
were crossed with the transgenic prostate
cancer (TRAMP) mouse, tumor development
was significantly delayed Majeed et al., 2005).
All these studies suggest an essential role of
IGF-IR in cellular transformation. Hongo et al.
[1998] have identified specific tyrosine residues
on the b-subunit of the IGF-IR that are crucial

for the transforming actions of the IGF-IR
[O’connor et al., 1997; Liu et al., 1998].

Since prostate cancer rarely develops in the
absence of androgens, it is suspected that
androgens are at least permissive in the
transformation process of prostate epithelial
cells. However, it should be noted that expres-
sion of the AR is necessary for normal luminal
prostate epithelium to develop. It is suggested
that maintaining certain levels of IGF-IR
expression in the prostate may be necessary
in normal prostate differentiation, increased
levels of IGF-IR expression may be required for
the prostate epithelia transformation process,
and decreased IGF-IR expression may be
required for prostate cancer malignant progres-
sion. This is consistent with the clinical findings
that the levels of IGF-IR decrease following the
initial transformation of the epithelium [Ten-
nant et al., 1996]. This concept has been
corroborated by the decrease in tumor metas-
tases and increase in apoptosis associated with
the re-expression IGF-IR in prostate cancer
xenograft cell lines [Plymate et al., 1997a,b].

It should be pointed out that not all studies
have shown an increase in IGF-IR expression
during early prostate epithelia transformation
or a decrease in IGF-IR expression in the
progression to malignant prostate epithelia
[Hellawell et al., 2002]. This may due to
discrepancies in the choice of antibodies or
technique in immunohistochemistry studies.
The IGF-IR is a tyrosine kinase receptor that
is only activated when located on the cell
surface; although rapidly internalized upon
activation, it is also rapidly processed through
the golgi to be re-expressed on the cell surface.

CLINICAL DATA SUGGESTS THAT MEN IN
THE HIGHER QUARTILES OF SERUM IGF-I

LEVELS ARE AT A GREATER RISK FOR
DEVELOPING PROSTATE CANCER

Large scale epidemiologic studies, such as the
Physician’s Health Study, have suggested that
men with higher serum levels of IGF-1 as well as
androgens may be at increased risk of develop-
ing prostate cancer in the following 6–9 years
[Chan et al., 1998; Pollak, 2000; Pollak et al.,
2004]. Also, in these studies serum levels of
IGFBP-3 were inversely correlated with the risk
of developing prostate cancer [Chan et al.,
1998]. Of further note, the risk of cancer
developing was more attributable to serum

TABLE I. Evidence for Interaction of the
IGF-IR and AR in Prostate Cancer

1. The IGF-IR is necessary for cell transformation
2. Clinical data, although somewhat controversial suggests

that higher levels of IGF-I in the serum of men predicts
men at risk for developing clinical prostate cancer

3. Androgens increase IGF-IR levels in prostate epithelial
cells

4. IGF-IR signaling alters AR phosphorylation
5. IGF-IR signaling alters the AR transcriptional profile
6. IGF-IR signaling effects translocation of the AR to the

nucleus
7. IGF-IR ligands increase in the progression of prostate

cancer and are particularly abundant in bone where
prostate cancer metastases are most abundant

8. Xenograft models of prostate cancer respond differently
to IGF-IR inhibition depending on the presence or
absence of androgens

9. IGF binding proteins (IGFBP) that enhance signaling of
IGF ligands through the IGF-IR are increased in the
period immediately after castration

10. Inhibition of the IGF-IR in conjunction with castration
11. Transcription factors that stimulate the IGF-IR

promoter are also regulated by androgens
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IGF-I or IGFBP-3 than to serum testosterone.
However, other studies have not shown an
association of risk for prostate cancer with
serum levels of IGF-I [Harman et al., 2000;
Chen et al., 2005]. One should be aware that the
risk of developing prostate cancer was not the
primary end point of any of these studies nor did
the results of the epidemiologic studies indicate
a direct link between the IGF system and the
risk of cancer.

ANDROGENS INCREASE IGF-IR EXPRESSION
IN PROSTATE EPITHELIAL CELLS

We had initially detected an increase in IGF-
IR expression at protein and mRNA levels in
androgen-responsive prostate epithelial cell
lines [Plymate et al., 2004]. This observation
was subsequently confirmed by other investi-
gators [Pandini et al., 2005]. The mechanism by
which androgens increase the IGF-IR expres-
sion has been a topic of controversy. Pandini
et al. [2005] have shown in their models that the
increase in IGF-IR protein induced by andro-
gens does not require nuclear translocation of
the AR and is only partially blocked by bicluta-
mide. On the other hand, this effect of AR on
IGF-IR expression was completely inhibited by
the ERK1/2 inhibitor PD980259 [Pandini et al.,
2005]. These data suggested a ‘‘non-genomic’’
effect of androgen. This group further confirmed
their findings using a mutated AR that will not
translocate to the nucleus and demonstrated
that the mutanted AR can activate the cyto-
plasmic Src–Raf–Ras–Map kinase pathway
and enhance the transcriptional activity of
IGF-IR promoter [Pandini et al., 2005]. Other
investigators have not found that activation of
this pathway is necessary for androgen-induced
increases in IGF-IR expression [Plymate et al.,
2004]. Other mechanisms including an increase
in KFL6 (Kruppel factor like 6) in response to
androgens have been suggested from the study
in LnCaP lines (Levine-personal communica-
tion). We have shown that KFL6 increases IGF-
IR expression by binding to the IGF-IR promo-
ter [Rubinstein et al., 2004]. We have also
shown in prostate cell lines that androgens
can increase IGF-IR protein expression without
an increase in its mRNA expression level,
suggesting a post-transcriptional modification
of IGF-IR expression, such as mRNA stability
[Plymate et al., 2004]. Despite the existing
controversials on the mechanisms, all the

studies have consistently showed that andro-
gens signaling through the AR result in
increased IGF-IR protein expression in prostate
epithelium, which is associated with increased
phosphorylation of IGF-IR and increased cell
proliferation in response to IGF ligands. How-
ever, it is not understood whether the induction
of increased IGF-IR is part of the differentiation
process of prostate epithelium or part of the
mechanism for tumor progression. Since both
IGF and androgens are necessary for epithelial
differentiation, induction of increase in IGF-IR
expression as part of the differentiating func-
tion of androgens may appear reasonable. On
the other hand, increasing IGF-IR expression
would be a mechanism by which androgens
could enhance transformation and progression
of prostate cancer.

IGF-IR ACTIVATION ALTERS AR
PHOSPHORYLATION

One mechanism by which IGF-IR signaling
could directly affect the function of the AR
would be to alter AR phosphorylation. Studies
by Lin et al. [2001] first suggested a role of IGF
signaling in AR function. They observed that
androgen induced apoptosis in AR transiently
transfected DU-145 cells and treatment with
IGF-1 decreased the transcriptional activity of
the AR and inhibited apoptosis. We subse-
quently found that the effects on IGF-IR
signaling on AR activity depended on whether
the cells were from an orthotopic or a metastatic
lesion [Plymate et al., 2004]. If the tumor was in
the orthotopic site, IGF-IR activation inhibited
AR transcription under a probasin promoter
(AAR3) [Plymate et al., 2004]. In contrast, when
the tumor was in the metastatic site, IGF-IR
activation enhanced AR transcriptional activity
on the AAR3 promoter. Interestingly, the effect
of IGF-IR activation on the AR transcriptional
activity in both primary and metastatic tumors
appears to be mediated through the PI3K/AKT
pathway [Plymate et al., 2004]. Lin et al.
subsequently demonstrated that the effects of
IGF on AR activity occurred in a biphasic
manner in LnCaP cells: suppressing AR tran-
scriptional activity at low passage numbers but
enhancing AR transcriptional activity at high
passage numbers [Lin et al., 2001]. Whether the
effect is due to IGF-initiated phosphorylation of
AR is rather controversial. Lin et al described
that IGF-I phosphorylates AR at serines 210
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and 790 [Lin et al., 2001], whereas Gioeli et al.
[2002] failed to find any sites on the AR that
were phosphorylated by IGF through a peptide
terminal degeneration technique. We examined
the effect of IGF-IR activation on AR phosphor-
ylation in AR-transfected M12 (M12AR) cells.
We showed that AR phosphorylation was
decreased in the presence of IGF-I and that this
effect was blocked by an inhibitory IGF-IR
antibody A12 (Fig. 2a). Our newest study
indicated that serine 16 on the AR is a potential
site of dephosphorylation whereas serine 81 on
the AR is a potential site of phosphorylation by
IGF (Fig. 2b). The reasons for discrepancies
between studies are not entirely clear. One
possible reason for differences in phosphoryla-
tion would be differential expression of PP2A in
different cell types.

IGF-IR SIGNALING EFFECTS TRANSLOCATION
OF THE AR TO THE NUCLEUS

Phosphorylation of the AR may result in
several changes that could alter the AR tran-
scriptional functions. One of these effects could
be translocation of the AR to the nucleus.
Whereas AR phosphorylation was thought to
be necessary for nuclear translocation, recent
data has shown that phosphorylation of AR at
serine 650, which takes place after the AR is in
the nucleus and bound to DNA, results in the

export of AR from the nucleus [Gioeli et al.,
2006]. Thus, the process of dephosphorylation of
specific serines on the AR may account for
retention of AR in the nucleus and accentuated
signaling. As we have shown in Figure 2, IGF
decreases phosphorylation of the AR in our
M12AR cells. We also have evidence that IGF
can enhance AR nuclear translocation in the
absence of androgens and that this effect can be
inhibited by an IGF-IR inhibitory antibody
(Fig. 3a). We have also demonstrated the
changes in AR compartmentalization in nuclear
and cytoplasmic fractions in response to IGF
using Western blot analyses (Fig. 3b). Using the
AAR3 probasin reporter assay, we show a
significant transactivation of the AR in the
absence of androgen and enhanced AR activa-
tion in the presence of androgen by IGF-I in
M12AR cells. The AR transactivation response
to IGF can be blocked by the IGF-IR antibody
A12. These data indicate that even in the
absence of androgen, IGF can induce transacti-
vation of the AR. Whether this is attributed to
changes in phosphorylation of the AR as we
have discussed or to the recruitment of AR co-

Fig. 2. IGF-I induces AR dephosphorylation. a: M12AR cells
were labeled with ortho-32P. Cell lysates were immunoprecipi-
tated (IP) with AR-specific antibody. IB, western blotting.
b: M12AR cells were IB with serine-specific anti-AR antibody.

Fig. 3. Confocal image and cell fractionation showing IGF-I-
induced AR translocation into the nucleus in M12AR cell lines.
a: M12AR cells in IGF-I, DHT free medium. b: M12AR cells in
medium containing 10-8M of DHT. c: M12AR cells in medium
containing 10 ng/ml of IGF-I. d: Medium containing 10 ng/ml of
IGF-I and 10 mg/ml of anti-IGF-IR antibody A12. e: AR in cytosol
and nuclear fractions of M12AR cells under various culture
conditions. Red fluorescence. AR, androgen receptor. IGF-I,
insulin-like growth factor I. DHT, dihydrotestosterone.
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factors, or to both has yet to be determined.
Regardless, these studies suggest that, in
castrated patients, the increase in AR expres-
sion coupled with intact IGF-IR signaling can
lead to AR-mediated AI prostate cancer pro-
gression. This marks the IGF-IR a potential
therapeutic target in post-castrated prostate
cancer.

XENOGRAFT MODELS OF PROSTATE
CANCER RESPOND DIFFERENTLY TO

IGF-IR INHIBITION DEPENDING ON THE
PRESENCE OR ABSENCE OF ANDROGENS

We have reported in prostate cancer human
xenograft models that inhibition of the IGF-
IR with A12 results in a decreased rate of
tumor growth in AD and AI tumors [Wu et al.,
2005]. However, when we examined the
mechanisms by which A12 caused decrease in
growth rate, we noted marked differences
depending on whether the tumors were AD or
AI. In the AD tumors we found that A12
treatment resulted in a combination of apopto-
sis and G1 cell cycle arrest, whereas in the AI
tumors we found that tumor cells arrested in G2
with no occurrence of apoptosis [Wu et al.,
2005]. The question arose as to whether these
differences in responses were due to a change in
the character of the tumor or the absence of
androgen. In order to address this issue, we
implanted the AI tumor into intact animals. As
predicted, tumor growth was inhibited in the
A12 treated animals compared to vehicle trea-
ted controls. Interestingly, a majority of these
tumors displayed an apoptotic response and G1
cell cycle arrest as opposed to the lack of
apoptosis when implanted in the castrated
animals. To determine potential mechanisms
for this effect of androgen on the tumors, we
performed cDNA microarray analyses of A12-
treated AI tumors from castrated and intact
animals and found marked differences in the
gene expression profiles (Fig. 4). Some genes
such as PP2A and TSC-22 were regulated in
opposite direction with A12 treatment, depend-
ing on the presence or absence of androgens.
It is of interest that TSC-22 has been
shown to be androgen-regulated and its expres-
sion decreases from benign prostate luminal
epithelium to cancer. Another interesting
gene differentiated expressed is IGFBP-5,
which has been demonstrated to increase post-
castration and is associated with recovery from

castration-induced apoptosis [Miyake et al.,
2000a].

IGF BINDING PROTEINS (IGFBP) THAT
ENHANCE SIGNALING OF IGF LIGANDS
THROUGH THE IGF-IR ARE INCREASED

IN THE PERIOD IMMEDIATELY
AFTER CASTRATION

Following castration, IGFBP-2 and IGFBP-5
have been shown to increase significantly in
both human prostate and mouse models of
prostate cancer. Both of these IGFBPs can
increase IGF-ligand signaling through the
IGF-IR and enhance recovery from castration
induced apoptosis and cell cycle arrest. These
two IGFBPs accomplish this task by binding to
extracelluar matrix and maintaining a higher
concentration of IGF ligand in the proximity of
the IGF-IR [Jones et al., 1995; Russo et al., 1997;
Kiyama et al., 2003]. The functional importance
of these changes has been demonstrated by the
studies of Miyake et al. [2000b] in which over-
expression of these IGFBPs in LnCaP cells
markedly enhances cell growth following andro-
gen withdraw. Using antisense oligonucleotides
to IGFBP-2 or IGFBP-5, this group was able to
demonstrate the stimulatory effects of the
IGFBPs on tumor growth [Kiyama et al., 2003].

INHIBITION OF THE IGF-IR IN
CONJUNCTION WITH CASTRATION
THERAPY FOR PROSTATE CANCER

These studies suggest that blocking IGF-IR
signaling at the time of castration would
enhance the effects of androgen withdraw.
Preliminary studies in our laboratory using
mouse xenograft models have shown a marked
enhancement of the castration effect on prostate
tumor growth with the inhibitory IGF-IR anti-
body A12. Potential mechanisms of the aug-
mented effect of A12 on androgen withdraw may
include suppression of Survivin, a member of
the Inhibitor of Apoptosis (IAP) family of
proteins that has been shown to play a role in
the recovery process of anti-androgen therapy
[Zhang et al., 2005].

IGF-IR ACTIVATION CAN STIMULATE
AR CO-FACTORS THAT ENHANCE

AR SIGNALING

Insulin-like growth factor may also influence
AR signaling by increasing the expression of AR
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co-stimulatory factors. Given the known 100 or
more AR co-regulatory factors, it is not surpris-
ing that IGF-IR activation would enhance the
expression or activation of one or more co-
regulators of the AR. Amongst them, TIF-2
(GRIP-1) and insulin degrading enzyme (IDE)
are of particular interest. Studies in a series of
human prostate specimens from men with
prostate cancer, Mohler and Wilson have
demonstrated an increased expression of TIF-
2 in most of the recurrent AI prostate cancers
that also have a high levels of AR in the nucleus
[Gregory et al., 2001]. The same group has also
shown the coincidence of increased TIF-2
expression with the recurrence of AI human
prostate cancer in xenograft models. Mohler has

also demonstrated that overexpression of TIF-2
in vitro can increase AR transcriptional activity
in the presence of the physiological concentra-
tions of adrenal androgen. Studies have
shown that IDE is a potent co-stimulator of AR
transcriptional activity and the ability of IDE to
bind to the AR can be regulated by insulin and
IGF ligands [Kupfer et al., 1994]. In addition, as
the name implies, IDE can degrade insulin,
IGF-I and IGF-II [Udrisar et al., 2005].

CONCLUSION

In this review, we have summarized our
current understandings of the interactions
between the IGF system and the AR (Fig. 5).

Fig. 4. cDNAmicroarray expression values of androgen-regulated genes differentially expressed in LuCaP
35V tumors from A12-treated relative to untreated non-castrated mice. There were 82 unique genes known
to be androgen-regulatedwhich had significantly consistent gene expression across all samples as compared
to no change by a one-sample t-test in SAM (<1% FDR significance cut-off used). The scale represents fold-
change in A12-treated relative to untreated tumors.
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The ability of IGF signaling to potentiate the
transcriptional activity of the AR in the face of
low to no androgen makes the IGF system,
especially the IGF-IR, a strong candidate that
leads progression of AI prostate cancer through
AR signaling.
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Abstract The insulin-like growth factor type I receptor (IGF-IR) has been suggested to play an important role in
prostate cancer progression and possibly in the progression to androgen-independent (AI) disease. The termAImay not be
entirely correct, in that recent data suggest that expression of androgen receptor (AR) and androgen-regulated genes is the
primary association with prostate cancer progression after hormone ablation. Therefore, signaling through other growth
factors has been thought to play a role inAR-mediatedprostate cancer progression toAI disease in the absence of androgen
ligand. However, existing data on how IGF-IR signaling interacts with AR activation in prostate cancer are conflicting. In
this Prospect article, we review some of the published data on the mechanisms of IGF-IR/AR interaction and present new
evidence that IGF-IR signaling may modulate AR compartmentation and thus alter AR activity in prostate cancer cells.
Inhibition of IGF-IR signaling can result in cytoplasmic AR retention and a significant change in androgen-regulated gene
expression. Translocation of AR from the cytoplasm to the nucleus may be associated with IGF-induced depho-
sphorylation. Since fully humanized antibodies targeting the IGF-IR are now in clinical trials, the current review is
intended to reveal the mechanisms of potential therapeutic effects of these antibodies on AI prostate cancers. J. Cell.
Biochem. 99: 392–401, 2006. � 2006 Wiley-Liss, Inc.

Key words: insulin-like growth factor type I receptor (IGF-IR); androgen receptor (AR); androgen-independent (AI)
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In the presence or possibly absence of andro-
gen ligand, the androgen receptor (AR) translo-
cates from the cytosol to the nucleus and
functions as a transcriptional factor, which
may be necessary or even crucial for the
progression of prostate cancer [Scher and
Sawyers, 2005]. Classically, in the absence of
androgen ligand, AR remains in the cytosol and
is not active. Thus, it is of particular interest
that malignant prostate cancer progression
occurs frequently in men who have been

surgically or chemically castrated. The progres-
sion of prostate cancer after castration has been
termed androgen-independent (AI) prostate
cancer. More interestingly, animal studies
showed that when the expression of AR was
disrupted, prostate cancer ceased to progress
[Taplin and Balk, 2004]. All these together
posed a conundrum if the AR, rather than the
androgen ligand, is a driving force in prostate
cancer progression. If so, it would suggest
that the AR is functioning in a non-classical
manner in the absence of steroid ligand.
Although non-genomic mechanisms for AR
function have been proposed through an inter-
action with SRC–Raf–Ras–Map kinase in the
cytosol rather than the nucleus, this ‘‘tradi-
tional’’ non-genomic mechanism also requires
the presence of androgen ligand and would not
explain progression of disease in a ligand-
independent manner [Kousteni et al., 2001;
Pandini et al., 2005].

The concept of AR functioning in AI progres-
sion was first proposed by Mohler and colleages
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[Gregory et al., 1998; Mohler et al., 2004]. In
relevant studies, tumor biopsies were taken
from prostate cancer patients who had been
androgen ablated and presented with progres-
sion of the cancer [Gregory et al., 1998; Mohler
et al., 2004] In these samples, the AR primarily
resided in a nuclear location, contrary to what
had been expected in a castrated environment.
This may in part due to residual levels of
androgen in the prostate tissue. When tissue
levels of androgen, testosterone, and dihydro-
testosterone (DHT), were measured, although
lower than in non-castrated men, they were still
detected in the nanomolar range in many of the
castrated men [Titus et al., 2005a]. This subtle
level of tissue androgen may account for the
nuclear localization of the AR and signal to
activate an AR transcriptional program. The
failure of castration to completely abolish
intraprostatic androgens has also been evi-
denced in the study where normal men were
placed on a GnRH antagonist for 4 weeks and in
whom serum levels of testosterone (T) and DHT
were clearly in the castrate range (Page and
Bremner, personal communication). The source
of the androgens in these castrate men has yet to
be determined; however, the most likely source
would be conversion from adrenal androgens.
The prostate has active 5a-reductase systems
for both isoforms I and II ensuring that
circulating T can be readily converted to DHT
in the prostate [Titus et al., 2005b]. In addition,
recent microarray data has shown that the
prostate contains mRNAs for the enzymes
necessary for the conversion of cholesterol
precursor into DHT; however this conversion
has not been demonstrated in the prostate.
Anti-androgen drugs, such as biclutamide, have
not been shown to alter the translocation of the
AR to the nucleus in prostate specimens from
men treated with combined androgen blockade
[Mohler et al., 2004]. Therefore, it is not clear
whether it is the low levels of androgens driving
prostate cancer progression in castrated men.
Until a total androgen ablation mechanism in
men is developed, the importance of residual
androgens in tumor progression cannot be
determined.

Castration studies on prostate cancer xeno-
graft and transgenic mouse models support the
speculation that residual androgen production
following castration is only the partial driving
force for tumor progression. Since mice do not
produce adrenal androgens to any significant

degree, castration in a mouse results in ‘‘com-
plete androgen ablation’’ [Van Weerden et al.,
1992]. In these models, tumors progress from
androgen-dependent (AD) to AI following cas-
tration in spite of the fact that prostate specific
androgen levels decrease to nearly undetectable
levels, suggesting that residual androgens are
unlikely to play a part in post-castration tumor
progression [Thalmann et al., 2000; Corey et al.,
2003]. We and others have shown that, in these
models, the majority of tumor nuclei still
contain AR after castration although some of
the AR moves from the nucleus to the cytoplasm
(Fig. 1). Furthermore, androgen-regulated
genes continue to be expressed in ‘‘AI’’ disease
[Corey et al., 2003]. Together, these data
suggest that other mechanisms beyond the
traditional ligand-receptor interaction of AR
signaling are responsible for AD to AI prostate
cancer progression.

Alterations in co-regulators of the AR, which
may enhance ligand-independent AR transloca-
tion to the nucleus and binding to DNA, have
been suggested as one of the mechanisms for
ligand-independent AR signaling [Gregory
et al., 1998; Fujimoto et al., 1999; Kang et al.,
1999; Sadar, 1999; Sadar and Gleave, 2000;
Mohler et al., 2004]. It has been suggested that
some peptide growth factors can act directly at
the androgen-binding domain of the AR or
indirectly through modifying the phosphoryla-

Fig. 1. IGF-IR signaling-induced translocation of AR into the
nucleus in xenograft human prostate tumors. a: AR compart-
mentalization in the nucleus in intact animals.b: Blocking IGF-IR
signaling with antibody A12 caused cytoplasmic retention of AR
in intact animals. c: AR in the nucleus in castrated animals.
d: A12 induced marked AR retention in the plasma in castrated
animals.
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tion status of the AR or its co-regulators to
initiate AR signaling [Culig et al., 1994, 1995;
Sadar, 1999; Sadar and Gleave, 2000; Lin et al.,
2001]. In this ‘‘Prospectus’’ we examined the
interactions between AR function and the
activation of type 1 insulin-like growth factor
receptor (IGF-IR). Among peptide growth fac-
tor-induced cell signaling, IGF activated IGF-
IR signaling is a potential driving force for the
growth of AI prostate cancer for several reasons
as listed in Table I. In the following sections, we
will examine the evidence for each of these
components of potential interaction between
the IGF-IR and AR.

IGF-IR IS NECESSARY FOR CELL
TRANSFORMATION

Fibroblasts from IGF-IR knock out mice R�do
not transform spontaneously when compared
to Rwt control cells. When the IGF-IR is re-
expressed in these fibroblasts, transformation
takes place. In SV40T immortalized prostate
epithelial cells, inhibition of IGF-IR expression
with an antisense construct significantly
decreases colony formation in soft agar, a
marker of transformation. In studies when
growth hormone and IGF deficient LID mice
were crossed with the transgenic prostate
cancer (TRAMP) mouse, tumor development
was significantly delayed Majeed et al., 2005).
All these studies suggest an essential role of
IGF-IR in cellular transformation. Hongo et al.
[1998] have identified specific tyrosine residues
on the b-subunit of the IGF-IR that are crucial

for the transforming actions of the IGF-IR
[O’connor et al., 1997; Liu et al., 1998].

Since prostate cancer rarely develops in the
absence of androgens, it is suspected that
androgens are at least permissive in the
transformation process of prostate epithelial
cells. However, it should be noted that expres-
sion of the AR is necessary for normal luminal
prostate epithelium to develop. It is suggested
that maintaining certain levels of IGF-IR
expression in the prostate may be necessary
in normal prostate differentiation, increased
levels of IGF-IR expression may be required for
the prostate epithelia transformation process,
and decreased IGF-IR expression may be
required for prostate cancer malignant progres-
sion. This is consistent with the clinical findings
that the levels of IGF-IR decrease following the
initial transformation of the epithelium [Ten-
nant et al., 1996]. This concept has been
corroborated by the decrease in tumor metas-
tases and increase in apoptosis associated with
the re-expression IGF-IR in prostate cancer
xenograft cell lines [Plymate et al., 1997a,b].

It should be pointed out that not all studies
have shown an increase in IGF-IR expression
during early prostate epithelia transformation
or a decrease in IGF-IR expression in the
progression to malignant prostate epithelia
[Hellawell et al., 2002]. This may due to
discrepancies in the choice of antibodies or
technique in immunohistochemistry studies.
The IGF-IR is a tyrosine kinase receptor that
is only activated when located on the cell
surface; although rapidly internalized upon
activation, it is also rapidly processed through
the golgi to be re-expressed on the cell surface.

CLINICAL DATA SUGGESTS THAT MEN IN
THE HIGHER QUARTILES OF SERUM IGF-I

LEVELS ARE AT A GREATER RISK FOR
DEVELOPING PROSTATE CANCER

Large scale epidemiologic studies, such as the
Physician’s Health Study, have suggested that
men with higher serum levels of IGF-1 as well as
androgens may be at increased risk of develop-
ing prostate cancer in the following 6–9 years
[Chan et al., 1998; Pollak, 2000; Pollak et al.,
2004]. Also, in these studies serum levels of
IGFBP-3 were inversely correlated with the risk
of developing prostate cancer [Chan et al.,
1998]. Of further note, the risk of cancer
developing was more attributable to serum

TABLE I. Evidence for Interaction of the
IGF-IR and AR in Prostate Cancer

1. The IGF-IR is necessary for cell transformation
2. Clinical data, although somewhat controversial suggests

that higher levels of IGF-I in the serum of men predicts
men at risk for developing clinical prostate cancer

3. Androgens increase IGF-IR levels in prostate epithelial
cells

4. IGF-IR signaling alters AR phosphorylation
5. IGF-IR signaling alters the AR transcriptional profile
6. IGF-IR signaling effects translocation of the AR to the

nucleus
7. IGF-IR ligands increase in the progression of prostate

cancer and are particularly abundant in bone where
prostate cancer metastases are most abundant

8. Xenograft models of prostate cancer respond differently
to IGF-IR inhibition depending on the presence or
absence of androgens

9. IGF binding proteins (IGFBP) that enhance signaling of
IGF ligands through the IGF-IR are increased in the
period immediately after castration

10. Inhibition of the IGF-IR in conjunction with castration
11. Transcription factors that stimulate the IGF-IR

promoter are also regulated by androgens
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IGF-I or IGFBP-3 than to serum testosterone.
However, other studies have not shown an
association of risk for prostate cancer with
serum levels of IGF-I [Harman et al., 2000;
Chen et al., 2005]. One should be aware that the
risk of developing prostate cancer was not the
primary end point of any of these studies nor did
the results of the epidemiologic studies indicate
a direct link between the IGF system and the
risk of cancer.

ANDROGENS INCREASE IGF-IR EXPRESSION
IN PROSTATE EPITHELIAL CELLS

We had initially detected an increase in IGF-
IR expression at protein and mRNA levels in
androgen-responsive prostate epithelial cell
lines [Plymate et al., 2004]. This observation
was subsequently confirmed by other investi-
gators [Pandini et al., 2005]. The mechanism by
which androgens increase the IGF-IR expres-
sion has been a topic of controversy. Pandini
et al. [2005] have shown in their models that the
increase in IGF-IR protein induced by andro-
gens does not require nuclear translocation of
the AR and is only partially blocked by bicluta-
mide. On the other hand, this effect of AR on
IGF-IR expression was completely inhibited by
the ERK1/2 inhibitor PD980259 [Pandini et al.,
2005]. These data suggested a ‘‘non-genomic’’
effect of androgen. This group further confirmed
their findings using a mutated AR that will not
translocate to the nucleus and demonstrated
that the mutanted AR can activate the cyto-
plasmic Src–Raf–Ras–Map kinase pathway
and enhance the transcriptional activity of
IGF-IR promoter [Pandini et al., 2005]. Other
investigators have not found that activation of
this pathway is necessary for androgen-induced
increases in IGF-IR expression [Plymate et al.,
2004]. Other mechanisms including an increase
in KFL6 (Kruppel factor like 6) in response to
androgens have been suggested from the study
in LnCaP lines (Levine-personal communica-
tion). We have shown that KFL6 increases IGF-
IR expression by binding to the IGF-IR promo-
ter [Rubinstein et al., 2004]. We have also
shown in prostate cell lines that androgens
can increase IGF-IR protein expression without
an increase in its mRNA expression level,
suggesting a post-transcriptional modification
of IGF-IR expression, such as mRNA stability
[Plymate et al., 2004]. Despite the existing
controversials on the mechanisms, all the

studies have consistently showed that andro-
gens signaling through the AR result in
increased IGF-IR protein expression in prostate
epithelium, which is associated with increased
phosphorylation of IGF-IR and increased cell
proliferation in response to IGF ligands. How-
ever, it is not understood whether the induction
of increased IGF-IR is part of the differentiation
process of prostate epithelium or part of the
mechanism for tumor progression. Since both
IGF and androgens are necessary for epithelial
differentiation, induction of increase in IGF-IR
expression as part of the differentiating func-
tion of androgens may appear reasonable. On
the other hand, increasing IGF-IR expression
would be a mechanism by which androgens
could enhance transformation and progression
of prostate cancer.

IGF-IR ACTIVATION ALTERS AR
PHOSPHORYLATION

One mechanism by which IGF-IR signaling
could directly affect the function of the AR
would be to alter AR phosphorylation. Studies
by Lin et al. [2001] first suggested a role of IGF
signaling in AR function. They observed that
androgen induced apoptosis in AR transiently
transfected DU-145 cells and treatment with
IGF-1 decreased the transcriptional activity of
the AR and inhibited apoptosis. We subse-
quently found that the effects on IGF-IR
signaling on AR activity depended on whether
the cells were from an orthotopic or a metastatic
lesion [Plymate et al., 2004]. If the tumor was in
the orthotopic site, IGF-IR activation inhibited
AR transcription under a probasin promoter
(AAR3) [Plymate et al., 2004]. In contrast, when
the tumor was in the metastatic site, IGF-IR
activation enhanced AR transcriptional activity
on the AAR3 promoter. Interestingly, the effect
of IGF-IR activation on the AR transcriptional
activity in both primary and metastatic tumors
appears to be mediated through the PI3K/AKT
pathway [Plymate et al., 2004]. Lin et al.
subsequently demonstrated that the effects of
IGF on AR activity occurred in a biphasic
manner in LnCaP cells: suppressing AR tran-
scriptional activity at low passage numbers but
enhancing AR transcriptional activity at high
passage numbers [Lin et al., 2001]. Whether the
effect is due to IGF-initiated phosphorylation of
AR is rather controversial. Lin et al described
that IGF-I phosphorylates AR at serines 210
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and 790 [Lin et al., 2001], whereas Gioeli et al.
[2002] failed to find any sites on the AR that
were phosphorylated by IGF through a peptide
terminal degeneration technique. We examined
the effect of IGF-IR activation on AR phosphor-
ylation in AR-transfected M12 (M12AR) cells.
We showed that AR phosphorylation was
decreased in the presence of IGF-I and that this
effect was blocked by an inhibitory IGF-IR
antibody A12 (Fig. 2a). Our newest study
indicated that serine 16 on the AR is a potential
site of dephosphorylation whereas serine 81 on
the AR is a potential site of phosphorylation by
IGF (Fig. 2b). The reasons for discrepancies
between studies are not entirely clear. One
possible reason for differences in phosphoryla-
tion would be differential expression of PP2A in
different cell types.

IGF-IR SIGNALING EFFECTS TRANSLOCATION
OF THE AR TO THE NUCLEUS

Phosphorylation of the AR may result in
several changes that could alter the AR tran-
scriptional functions. One of these effects could
be translocation of the AR to the nucleus.
Whereas AR phosphorylation was thought to
be necessary for nuclear translocation, recent
data has shown that phosphorylation of AR at
serine 650, which takes place after the AR is in
the nucleus and bound to DNA, results in the

export of AR from the nucleus [Gioeli et al.,
2006]. Thus, the process of dephosphorylation of
specific serines on the AR may account for
retention of AR in the nucleus and accentuated
signaling. As we have shown in Figure 2, IGF
decreases phosphorylation of the AR in our
M12AR cells. We also have evidence that IGF
can enhance AR nuclear translocation in the
absence of androgens and that this effect can be
inhibited by an IGF-IR inhibitory antibody
(Fig. 3a). We have also demonstrated the
changes in AR compartmentalization in nuclear
and cytoplasmic fractions in response to IGF
using Western blot analyses (Fig. 3b). Using the
AAR3 probasin reporter assay, we show a
significant transactivation of the AR in the
absence of androgen and enhanced AR activa-
tion in the presence of androgen by IGF-I in
M12AR cells. The AR transactivation response
to IGF can be blocked by the IGF-IR antibody
A12. These data indicate that even in the
absence of androgen, IGF can induce transacti-
vation of the AR. Whether this is attributed to
changes in phosphorylation of the AR as we
have discussed or to the recruitment of AR co-

Fig. 2. IGF-I induces AR dephosphorylation. a: M12AR cells
were labeled with ortho-32P. Cell lysates were immunoprecipi-
tated (IP) with AR-specific antibody. IB, western blotting.
b: M12AR cells were IB with serine-specific anti-AR antibody.

Fig. 3. Confocal image and cell fractionation showing IGF-I-
induced AR translocation into the nucleus in M12AR cell lines.
a: M12AR cells in IGF-I, DHT free medium. b: M12AR cells in
medium containing 10-8M of DHT. c: M12AR cells in medium
containing 10 ng/ml of IGF-I. d: Medium containing 10 ng/ml of
IGF-I and 10 mg/ml of anti-IGF-IR antibody A12. e: AR in cytosol
and nuclear fractions of M12AR cells under various culture
conditions. Red fluorescence. AR, androgen receptor. IGF-I,
insulin-like growth factor I. DHT, dihydrotestosterone.
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factors, or to both has yet to be determined.
Regardless, these studies suggest that, in
castrated patients, the increase in AR expres-
sion coupled with intact IGF-IR signaling can
lead to AR-mediated AI prostate cancer pro-
gression. This marks the IGF-IR a potential
therapeutic target in post-castrated prostate
cancer.

XENOGRAFT MODELS OF PROSTATE
CANCER RESPOND DIFFERENTLY TO

IGF-IR INHIBITION DEPENDING ON THE
PRESENCE OR ABSENCE OF ANDROGENS

We have reported in prostate cancer human
xenograft models that inhibition of the IGF-
IR with A12 results in a decreased rate of
tumor growth in AD and AI tumors [Wu et al.,
2005]. However, when we examined the
mechanisms by which A12 caused decrease in
growth rate, we noted marked differences
depending on whether the tumors were AD or
AI. In the AD tumors we found that A12
treatment resulted in a combination of apopto-
sis and G1 cell cycle arrest, whereas in the AI
tumors we found that tumor cells arrested in G2
with no occurrence of apoptosis [Wu et al.,
2005]. The question arose as to whether these
differences in responses were due to a change in
the character of the tumor or the absence of
androgen. In order to address this issue, we
implanted the AI tumor into intact animals. As
predicted, tumor growth was inhibited in the
A12 treated animals compared to vehicle trea-
ted controls. Interestingly, a majority of these
tumors displayed an apoptotic response and G1
cell cycle arrest as opposed to the lack of
apoptosis when implanted in the castrated
animals. To determine potential mechanisms
for this effect of androgen on the tumors, we
performed cDNA microarray analyses of A12-
treated AI tumors from castrated and intact
animals and found marked differences in the
gene expression profiles (Fig. 4). Some genes
such as PP2A and TSC-22 were regulated in
opposite direction with A12 treatment, depend-
ing on the presence or absence of androgens.
It is of interest that TSC-22 has been
shown to be androgen-regulated and its expres-
sion decreases from benign prostate luminal
epithelium to cancer. Another interesting
gene differentiated expressed is IGFBP-5,
which has been demonstrated to increase post-
castration and is associated with recovery from

castration-induced apoptosis [Miyake et al.,
2000a].

IGF BINDING PROTEINS (IGFBP) THAT
ENHANCE SIGNALING OF IGF LIGANDS
THROUGH THE IGF-IR ARE INCREASED

IN THE PERIOD IMMEDIATELY
AFTER CASTRATION

Following castration, IGFBP-2 and IGFBP-5
have been shown to increase significantly in
both human prostate and mouse models of
prostate cancer. Both of these IGFBPs can
increase IGF-ligand signaling through the
IGF-IR and enhance recovery from castration
induced apoptosis and cell cycle arrest. These
two IGFBPs accomplish this task by binding to
extracelluar matrix and maintaining a higher
concentration of IGF ligand in the proximity of
the IGF-IR [Jones et al., 1995; Russo et al., 1997;
Kiyama et al., 2003]. The functional importance
of these changes has been demonstrated by the
studies of Miyake et al. [2000b] in which over-
expression of these IGFBPs in LnCaP cells
markedly enhances cell growth following andro-
gen withdraw. Using antisense oligonucleotides
to IGFBP-2 or IGFBP-5, this group was able to
demonstrate the stimulatory effects of the
IGFBPs on tumor growth [Kiyama et al., 2003].

INHIBITION OF THE IGF-IR IN
CONJUNCTION WITH CASTRATION
THERAPY FOR PROSTATE CANCER

These studies suggest that blocking IGF-IR
signaling at the time of castration would
enhance the effects of androgen withdraw.
Preliminary studies in our laboratory using
mouse xenograft models have shown a marked
enhancement of the castration effect on prostate
tumor growth with the inhibitory IGF-IR anti-
body A12. Potential mechanisms of the aug-
mented effect of A12 on androgen withdraw may
include suppression of Survivin, a member of
the Inhibitor of Apoptosis (IAP) family of
proteins that has been shown to play a role in
the recovery process of anti-androgen therapy
[Zhang et al., 2005].

IGF-IR ACTIVATION CAN STIMULATE
AR CO-FACTORS THAT ENHANCE

AR SIGNALING

Insulin-like growth factor may also influence
AR signaling by increasing the expression of AR
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co-stimulatory factors. Given the known 100 or
more AR co-regulatory factors, it is not surpris-
ing that IGF-IR activation would enhance the
expression or activation of one or more co-
regulators of the AR. Amongst them, TIF-2
(GRIP-1) and insulin degrading enzyme (IDE)
are of particular interest. Studies in a series of
human prostate specimens from men with
prostate cancer, Mohler and Wilson have
demonstrated an increased expression of TIF-
2 in most of the recurrent AI prostate cancers
that also have a high levels of AR in the nucleus
[Gregory et al., 2001]. The same group has also
shown the coincidence of increased TIF-2
expression with the recurrence of AI human
prostate cancer in xenograft models. Mohler has

also demonstrated that overexpression of TIF-2
in vitro can increase AR transcriptional activity
in the presence of the physiological concentra-
tions of adrenal androgen. Studies have
shown that IDE is a potent co-stimulator of AR
transcriptional activity and the ability of IDE to
bind to the AR can be regulated by insulin and
IGF ligands [Kupfer et al., 1994]. In addition, as
the name implies, IDE can degrade insulin,
IGF-I and IGF-II [Udrisar et al., 2005].

CONCLUSION

In this review, we have summarized our
current understandings of the interactions
between the IGF system and the AR (Fig. 5).

Fig. 4. cDNAmicroarray expression values of androgen-regulated genes differentially expressed in LuCaP
35V tumors from A12-treated relative to untreated non-castrated mice. There were 82 unique genes known
to be androgen-regulatedwhich had significantly consistent gene expression across all samples as compared
to no change by a one-sample t-test in SAM (<1% FDR significance cut-off used). The scale represents fold-
change in A12-treated relative to untreated tumors.
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The ability of IGF signaling to potentiate the
transcriptional activity of the AR in the face of
low to no androgen makes the IGF system,
especially the IGF-IR, a strong candidate that
leads progression of AI prostate cancer through
AR signaling.
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BACKGROUND. Prostate cancer frequently metastasizes to bone. Androgen suppression
treatment is initially highly effective, but eventually results in resistant cancer cells. This study
evaluates the effects of androgen suppression on the bone and bonemarrow (BM). In particular
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progression through an increase growth factor secretion by the bone microenvironment.
METHODS. Global gene expression is analyzed on mPEDB DNA microarrays. Insulin-like
growth factor binding protein-5 (IGFBP5) is detected by immunohistochemistry in mouse
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INTRODUCTION

Androgen suppressive therapy has proven a sig-
nificant benefit when administered in an adjuvant
setting together with radiation therapy for the treat-
ment of prostate cancer [1]. Systemic androgen dep-
rivation kills disseminated prostate cancer cells;
however, some cells survive the treatment. Survival
under androgen deficient conditions may be an
inherent property of certain cancer cells but may also
be stimulated by factors in the microenvironment.
Since prostate cancer commonly metastasizes to the
skeleton [2], the environment consists primarily of bone
marrow (BM) stroma and hematopoietic BM. Dissemi-
nated prostate cancer cells extraversate from the
circulation through BM sinusoids [3]. Prostate specific
antigen (PSA)-expressing cells are detectable in BM
specimens of 54% of patients at the time of prostatec-
tomy, indicating that cancer cells disseminate early [4].
However, disease progression is often delayed
by years, suggesting that disseminated cancer cells
can remain in a state of dormancy before renewing their
growth. Here we investigate whether a decrease in
androgen level affects the BM andwhether it generates
a permissive microenvironment for the growth of
prostate cancer cells.

In the BMmicroenvironment, the androgen receptor
is expressed by BM stromal cells, osteoblasts, endothe-
lial cells, osteocytes, and chondrocytes [5,6]. Andro-
gens increase the thickness of bone, augment the
hematocrit and regulate the expansion of B-cells [7,8].
The effects of androgen on hematopoiesis are, to a large
extent, mediated indirectly through the androgen
receptor activity in BM stromal cells [9]. However,
androgen-sensitive factors that regulate hematopoiesis
are unknown.

Insulin-like growth factors (IGF) and their binding
proteins (IGFBP 1–6) are involved in normal and
malignant growth of prostate epithelial cells [10].While
there were conflicting results about the expression of
the IGF1 receptor (IGFR) in localized and metastatic
prostate cancer in formalin-fixed tissues [11–14], a
recent study using frozen tissues clearly demonstrates
high IGFR expression in localized and metastatic
cancer as well as in stromal cells surrounding the
tumor [15]. In addition, pre-clinical studies with an
inhibitory IGFR antibody (A12) reduces the growth of
prostate cancer xenografts [16]. IGFs are abundant
growth factors in bone and activation of the IGF
pathway may lead to ligand-independent activation
of the AR [17–19]. The bioavailability of IGF is
regulated by a group of IGF binding proteins (IGFBP
1–6). Androgen regulates the expression of IGFBP 2, 3,
4, and5 in theprostate [20–22]. In thebone, IGFBP4and
5 are the two major binding proteins that modulate the

IGF activity [23] and IGFBP5 is sequestered by the bone
matrix. IGFBP5 may also act independently of IGF as a
growth stimulator for osteoblasts, through binding to a
separate receptor on the cell surface [24,25]. In human
bone and BM, IGFBP5 is expressed in chondrocytes,
osteoblasts and osteocytes. These cell types express
androgen receptors [26–29], however only androgen
regulation of IGFBP 2, 3, 4 and not of IGFBP5 has been
examined in-vitro [30].

In this study we sought to measure the effects of
androgen suppressive therapy on the BM environment
by transcriptional profiling of castrated and sham
operated mice. We observed a predominant increase
in gene expression after androgen suppression and in
particular of IGFBP5. Subsequent in vitro experimen-
tation confirmed IGFBP5 regulation by androgen
in human BM stromal cells and demonstrated the
functional relevance of elevated IGFBP5 in the BM
microenvironment.

MATERIALSANDMETHODS

Mice

Castrated or sham-castrated C57BL/6 mice were
purchased from the Jackson Laboratory (Bar Harbor,
ME) after surgery at 7 weeks of age. Testosterone or
placebo pellets (12.5 mg 60-day slow release, Innova-
tive Research ofAmerica, Sarasota, FL)were implanted
for 4 weeks. Femoral, tibial and humeral bones were
collected from 17-week old (youngmice, 10weeks after
castration) and 59-week old (old mice, 52 weeks after
castration) mice. The experiment was performed in
accordance with an approved Animal Care and Use
Committee (IACUC) protocol.

Cells

Primary bone stromal cells HB5, HB6, and HB15
were derived from three individualswith IRB approval
and maintained in MEM-alpha medium with 10% FBS
(Hyclone, Logan, UT). Human immortalized bone
stromal cells, HS27a [42] and prostate epithelial cells,
P69 [43] were propagated in RPMI1640 with 10% FBS.
Human sarcoma MG63 cells were maintained in
DMEM with 10% FBS. Human primary prostate stro-
mal and epithelial cells were cultured as previously
described [44].

RNAIsolation andMicroarrays

Total RNA was isolated from pulverized bone or
cultured cells using TRIZOL1 (Invitrogen, Carlsbad,
CA) and the RNeasy1 kit (Qiagen, Valencia, CA).
Microarray hybridization and processing of rawdata is
described in Ref. [45]. Differentially expressed genes

The Prostate DOI 10.1002/pros

1622 Xuet al.



were analyzed by hierarchical clustering using Cluster
3.0 [46]. The microarray data have been submitted to
the Gene Expression Omnibus (GEO) public database
at NCBI. The accession numbers are GSE5775 for
castration versus sham-operation and GSE5776 for
testosterone replacement versus placebo.

ReverseTranscription andQuantitative
Real-Time PCR (qPCR)

cDNA was synthesized using SuperScriptTM II
Reverse Transcriptase (Invitrogen). Primers for qPCR
spanned across intron–exon junctions and the sequen-
ces are listed in Supplementary Table I. qPCR con-
ditions with Platinum1 SYBR1 Green in an ABI Prism
7700 Sequence Detector (Applied Biosystems, Foster
City, CA) were: 10 min at 958C, 40 cycles at 958C for
15 sec, 30 sec at 608C, 30 sec at 728C.

Immunohistochemical Staining

Mouse femurs were fixed in 10% buffered formalin
at 48C overnight and decalcified in EDTA (Decal Corp.,
Tallman, NY). Antigens were retrieved with EDTA,
pH8 at 958C for 8 min. The anti-IGFBP5 antibody
(sc-6006, Santa Cruz Biotechnology Inc., Santa Cruz,
CA) was diluted 1:100 for incubation in the Vantana
autostainer model Discover XTTM (Vantana Medical
System, Tuscan, AZ).

SerumTestosteroneMeasurement

Mouse blood samples were collected by cardiac
puncture and sent for measurement of serum testoster-
one to the Center for Reproductive Biology, Washing-
ton State University, Pullman, WA. The sensitivity of
the measurement was 0.10 ng/ml.

Preparation of Cell Lysate,ConditionedMedium
(CM), and ExtracellularMatrix (ECM)

Cells were lyzed in RIPA buffer [47] containing
protease and phosphatase inhibitors (Roche Applied
Science, Mannheim, Germany). Serum-free medium
was conditioned for 48 hr and concentrated with an
Amicon Ultra-15, 5 kDa Centrifugal Filter (Millipore,
Billerica, MA). ECM was prepared as described by
Knudsen et al. [48]. ECM on plates was used immedi-
ately for growth assays or solubilized in RIPA buffer.

Immunoprecipitation and Immunoblotting

Proteins (500 mg) were precipitated with 10 ml anti-
IGFBP5 (Catalog # 06-110,Chemicon International, Inc.,
Temecula, CA) overnight and proteinG agarose beads
(Sigma, Saint Louis, MO) for 2 hr. Total proteins (40 mg)
were analyzedon 12%NuPAGEor 4–12%Bis-TrisGels

(Invitrogen) and transferred to Immobilon-P (Milli-
pore). Membranes were blocked with 5% milk and
probedwith 1:1,000 anti-IGFBP5. Blotswere developed
with the Pico Chemiluminescent (Pierce Biotechnol-
ogy, Inc., Rockford, IL).

Regulation of IGFBP5 Expression inHS27a

HS27a cells were cultured in Phenol red-free
medium with 10% charcoal-stripped FBS (100 ml of
FBS stirred with 15 g of dextran-treated charcoal at 48C
overnight and sterilized). Methyltrienolone (R1881,
PerkinElmer Life And Analytical Sciences, Inc., Well-
esley, MA) was added as a synthetic androgen.

P69 Proliferation in Response to IGFBP5

HS27a ECM in 24-well plates was incubated with
rIGFBP5 without or with human rIGF1 (Sigma) or
mono-biotinyl IGF2 (GroPep Limited, Adelaide, SA,
Australia) for 4 hr. After the plateswerewashed, 40,000
P69 cells were seeded per well in serum free medium
containing 10 ng/ml IGF1 or IGF2. MTS assays were
performed after 48 hr using the CellTiter 961 AQueous

cell proliferation assay kit (Promega,MadisonWI). The
experimentwas repeated four times. Statistical analysis
was conducted using ANOVA.

RESULTS

Gene ExpressionChanges inMouse Bone and Bone
MarrowAfterAndrogenDeprivation

The regulation of gene expression by androgen
suppression in the BMhas not been reported. Therefore
we undertook a global approach to analyze gene
expression changes in mouse BM and bone that occur
upon castration. We separated bone and BM from
young (17 weeks) castrated and sham-operated
C57BL/6 mice for comparison in array experiments.
Purified RNA from bone or BM cells was labeled and
hybridized to mPEDB arrays. Results obtained with
bone samples were similar to those obtained with BM
samples; therefore we tested combined bone and BM
preparations in subsequent experiments. In these
experiments, we compared the effects of castration in
old (59 weeks) and young (17 weeks) mice. In addition,
we analyzed castrated mice with and without testo-
sterone supplementation.

Analysis of array data revealed that 243 genes
exhibited significant and consistent differential expres-
sion in bone and BM of young castrated compared to
sham-operated mice. Of these, 159 were up-regulated
and84weredown-regulated in. The effectiveness of the
castration procedure was documented by a reduction
in serum androgen levels and seminal vesicle size
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(Table I). Next, gene expression changes in BM and
bone from young and old mice were compared
(Fig. 1A). Of the up-regulated genes, 25/159 were
differentially expressed across all arrays. These experi-
ments clearly demonstrate that androgen suppression
affects gene expression in the BM, that most of the
responsive genes are increased in expression upon
androgen suppression and that the expression changes
are similar in young versus oldmice. Quantitative real-
time PCR (qPCR) was used to confirm the expression
changes from array data for 22 genes. The fold changes
were highly correlated between the two methods
(r¼ 0.97; Fig. 1B).

To further confirm the regulation of gene expression
by androgen, we treated castrated mice with testoster-
one. The treatment increased serum testosterone levels
above those in control mice (13 vs. 0.7 ng/ml, see
Table I) and the seminal vesicles grew to the size found
in sham-operated controls (Table I). Elevated serum
testosterone levels reversed the castration effects for a
subgroup of genes. Of the 159 genes that were up
regulated in castrated mice, 69 were reversed by
testosterone treatment (Fig. 1A).

The array data were examined to identify genes that
encode for secreted proteins, capable of interacting
with metastatic prostate cancer cells. We identified
4 genes for growth factors/cytokines, and 18 genes that
encode proteins that are associated with the extrac-
ellular matrix (ECM; Fig. 1C). In the group of growth
factors/cytokines, IGFBP5 was consistently overex-
pressed in castrated mice across all arrays and sup-
pressed after treatment with testosterone. Thus we
further explored the regulation of expression, local-
ization, and growth stimulatory activity for prostate
cancer cells of IGFBP5.

Expression andRegulation of IGFBP5 Expression in
Bone andBoneMarrow

IGFBP5 is highly expressed in bone [31]. IGFBP4 is
also expressed by cells in bone and BM stroma and
antagonizes the activity of IGFBP5. However in
contrast to IGFBP5, IGFBP4 mRNA expression did
not change after castration. The fold expression change

for IGBP5mRNAas determined by qPCR in three pairs
of mice was 2.7� 0.88 in young mice and 2.0� 0.17 in
old mice. In the same samples the fold expression
change for IGFBP4 was 0.86� 0.50 in young mice and
1.14� 0.41 in oldmice. To identify cell types expressing
IGFBP5 we used immunohistochemistry. IGFBP5
expression in sections of mouse bone and BM was
observed primarily in osteoblastic cells lining the bone
and in endothelial cells (Fig. 2). While we observed
weak diffuse staining in the BM stroma, individual BM
cells were difficult to discern by morphologic criteria.
Thus, the expression of IGFBP5 in BM stromal cellswas
demonstrated subsequently in cultures of primary BM
stromal cells.

To determine whether IGFBP5 is expressed in
human bone and BM stroma, we measured IGFBP5
mRNA expression in cultures of primary human BM
stromal cells (Fig. 3A). IGFBP5 RNA expression was
detected in cells from three separate individuals and in
immortalized HS27a BM stromal cells. While IGFBP5
was expressed in primary cultures of prostate stromal
cells, it was not expressed in prostate epithelial cultures
under standard growth conditions. IGFBP5 protein
was secreted from primary marrow stromal cells
(Fig. 3B) and HS27a cells (Fig. 3C) and accumulated in
the conditioned medium. In addition, IGFBP5 became
incorporated into the HS27a ECM (Fig. 3C). To exclude
the possibility that the IGFBP5 antibody cross-reacts
with other IGFBPs or that IGFBP5 is derived from fetal
calf serum, we used MG63 osteosarcoma cells trans-
fected with an IGFBP5 containing plasmid (MG63-
BP5). A band of the size expected for IGFBP5 was only
detected in the MG63-BP5 cells, but not in the parent
control cells (Fig. 3B).

To determine whether IGFBP5 expression is regu-
lated by androgen in human BM stromal cells, we first
confirmed expression of theAR inHS27a cells. BothAR
mRNA and protein (Fig. 4A) were detectable in
cultures of HS27a cells, although to a lesser amount
than in fresh prostate tissue. When HS27 cells were
cultured in serum that was depleted of steroid
hormones by incubation with surface-activated char-
coal, IGFBP5 mRNA increased 25-fold after 3 days and
IGFBP5 protein increased in parallel (Fig. 4B,C). The
increase of IGFBP5 mRNA was reversed by addition
of physiological concentrations of androgen (Fig. 4D).
These results demonstrate that the level of AR
expression in Hs27a cells is sufficient to regulate
IGFBP5 expression.

IGFBP5 Stimulates theGrowthof Immortalized
Prostate Epithelial Cells

In contrast to IGFBP5 in conditionedmedium,which
is growth inhibitory, IGFBP5 in ECM was shown to
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TABLE I. SerumTestosterone and Seminal Vesicle Size*

Testosterone
(ng/ml)

Seminal vesicle
(g)

Sham-operation 0.69� 0.52 0.1337� 0.0234
Castration <0.1 0.0021� 0.0005
T-replacement 13.17� 1.94 0.1527� 0.0213

*Measurements are the average� standard deviation of tissue
samples from three mice.
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promote the growth of fibroblasts [32]. We therefore
tested whether IGFBP5 bound to ECM could also
stimulate the growth of epithelial cells and used P69
immortalized prostate epithelial cells to evaluate the
growth-promoting activity of matrix-bound IGFBP5.
P69 cells are immortalized human prostate epithelial
cells, deficient in Rb and p53 protein function and are

highly responsive to IGF1. ECM from HS27a cells was
incubatedwith recombinant IGFBP5 and IGF1 or IGF2.
The unbound proteins were removed and P69 cells
were plated on the ECM in serum-free medium
(Fig. 5A). Two days later, P69 cell numbers were
determined using an MTS assay. Compared to
untreated matrix, larger numbers of P69 cells were
observed on matrices incubated with IGFBP5 alone.
Addition of IGF1 or IGF2 to IGFBP5 further increased
cell growth. The effects of IGFBP5, IGF1 and IGF2 on
growth induction of P69 cells reached a plateau,
suggesting a saturable mechanism (Fig. 5B). While
growth increased in a linear fashion up to incubation
with 25 ng/ml IGFBP5, there was no further increase
with 50 or 100 ng/ml IGFBP5. IGF1 or IGF2 in the
absence of exogenous IGFBP5 also stimulated cell
growth.

DISCUSSION

We identified gene expression changes in bone and
BMafter castration of C57BL/6mice. The expression of
159 genes increased and the greatest and most
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Fig. 2. Expression of IGFBP5 in mouse bone and bone marrow.
Decalcified sections of femoral BM are stained with anti-IGFBP5
antibodiesandtheexpressionofIGFBP5isvisualizedbyDAB(brown
color).OB:osteoblasts;End:endothelialcells.Thescalebarmeasures
30mM.Control:noprimaryantibody.

Fig. 1. Differentiallyexpressedgenesinboneandbonemarrowafterandrogendeprivation.A:Hierarchicalclusteringofgenes thatarediffer-
entiallyexpressedinpairedcastratedversus sham-operatedmouse tissues: youngbone (YB1-3,10weeks aftercastration), youngBM10weeks
after castration (YM1-3), oldbone and BM52weeks after castration (O1-3), andbone andBMafter castration and testosteronereplacement
(T1-3). The displayed genes possess an expression difference of at least 1.5-fold and a false discovery rate <0.05 as determined by SAM.
B: Confirmation of Expression changesbyqPCR.Fold changes in selectedgene expression are determinedusing threepairs of castrated and
sham-operatedmiceafternormalization tomouseGAPDH.Average foldchangesingeneexpressionfromqPCRormicroarraymeasurements
areplottedonthex-axisandy-axis, respectively.ThePearson’scorrelationcoefficient(r) iscalculated.C:Genes for secretedandECMproteins.

AndrogenAblation Increases IGFBP5 in Bone 1625



consistent increase was observed for IGFBP5. Immu-
nohistochemical staining indicated that BM stromal
cells, osteoblasts and endothelial cells express IGFBP5.
In the human immortalized bone stromal cell line
HS27a, IGFBP5 gene and protein expression were
increased by treatment with charcoal-stripped serum
and were inhibited by addition of androgen. In-vitro,
IGFBP5 was secreted into the medium and deposited
into ECM by primary human BM stromal cells and
HS27a cells. When bound to ECM, IGFBP5 increased
the growth of P69 immortalized prostate epithelial
cells. We conclude from these results that IGFBP5
expression increases after androgen ablation, which

may promote the growth of prostate cancer cells in the
BM environment.

A limitation in the interpretation of castration
induced gene expression changes is that castration
alters the levels of several hormones, and not only
decreases circulating T levels. Thus, changes in other
hormones could be responsible for the regulation of
gene expression in the BM. Bone is specifically
responsive to estrogens, which are decreased in
castrated mice and increased with testosterone supple-
mentation. Castration also increases FSH/LH. The
distinction between the effects of androgen and estro-
gen in-vivo would require blockade with an aromatase
inhibitor. While the effects of decreased androgen and
estrogen cannot be distinguished in-vivo, in-vitro,
IGFBP5 induction by charcoal-stripped medium is
suppressed by R1881, which cannot be aromatized.
These data suggest that the regulation of IGFBP5
expression is mediated by androgen; however it does
not exclude a contribution of estrogen in-vivo.

Androgens are known to augment the thickness of
bone and accordingly, the AR is expressed in osteo-
blasts, osteocytes and at sites of endochondrial ossifi-
cation in proliferating, mature and hypertrophic
chondrocytes [5]. In several reports, AR copy numbers
range between 150 and 5,000 per cell in culturedhuman
BM stromal cells, which include osteoblastic cells
[33,34]. Consistent with these results, we detected
expression of AR mRNA and protein in HS27a cells.
In vivo androgens regulate cell types that lack
detectable AR expression presumably through the
BM stroma. Anecdotally, androgens were used to treat
anemia and the higher hematocrit in men compared to
women is attributed to differences in circulating
androgen levels [35]. Androgen, but not estrogen or
IGF1, regulates the maturation and expansion of the
B-cell compartment [8,36,37]. In castrated animals,
stromal cells expressing the AR were able to promote
the expansionof B-cells frommice afflictedby testicular
feminization (Tfm), which possess non-functional AR.
In the reverse situation, stromal cells fromTfmmicedid
not cause changes in B-cell numbers after castration [9].
Interestingly, the activity from the stroma is specific for
B-cells anddoesnot affect theT-cell compartment in the
BM [38].

Several other studies analyzed the response of
IGFBP5 expression to androgen stimulation or andro-
gen suppression and the results are inconsistent. The
reason for the discrepancies lies in the difference in cell
type and source (cell cultures, xenografts, patient tissue
samples), and in the reagents and methods that
were used for the analysis. In the prostate and bone,
the expression of IGFBP5 RNA is observed in the
mesenchymal cells, for example, prostate stromal cells,
BM stromal cells and osteoblasts (Ref. [14] and Fig. 3).

The Prostate DOI 10.1002/pros

Fig. 3. RNA and protein expression of IGFBP5 in human bone
stromal cells.A: Steady state IGFBP5mRNA ismeasuredbyqPCR
in human primary bone stromal cells HB5, HB6, and HB15, human
immortalized HS27a bone stromal cells, human primary prostate
epithelial cells (PEC) and stromal cells (PSC).Expression is normal-
ized to b-actin and is plottedrelative to expression in PSC.Results
aretheaverageof threemeasurementreplicates.Errorbarindicates
the standarddeviation.B:Detectionof IGFBP5protein fromcondi-
tionedmediumofhumanprimarybone stromalcells.Arepresenta-
tive Western blot is shown. lane 1: Recombinant IGFBP5 (rBP5,
25ng); lanes2^ 4:primarybonestromalcellculture; lane5:human
sarcoma cell lineMG63expressing IGFBP5 (MG63/BP5); andlane 6:
MG63 control cells.C: IGFBP5 protein is immunoprecipitated from
conditioned medium (CM, left panel) or extracellular matrix
(ECM, right panel) of HS27a cells. Lane 1: Recombinant IGFBP5
(rBP5, 25 ng); lane 2: Protein G bead control; and lane 3: IGFBP5
immunoprecipitation.Arrow:IGFBP5.
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Our primary prostate epithelial cultures, which are of
the basal/intermediate cell types, did not express
IGFBP5 RNA. An immunohistochemical study found
about 4% of prostate epithelial cells were stained
positive for IGFBP5 protein after 18–43 days of
androgen suppressive therapy, an increase compared
to the 0.2% as in the placebo group [39]. The regulation
of IGFBP5 expressionbyandrogenwas also analyzed in
xenografts. While IGFBP5 expression increased after

castration in the Shinogii xenograft [40], it increased
with androgen stimulation in the CWR22 xenograft
[41]. This study is the first to examine the regulation of
IGFBP5 expression by androgen in bone and BM
stromal cells. The results of this study are consistent
between in-vivo and in-vitro systems and between
mouse and human. Androgen withdrawal clearly
increased IGFBP5 expression and the increase in bone
and BM in-vivo is sustained for at least 1 year (Fig. 1).

Both, the IGF1 receptor and IGFBP5 are targeted by
novel drugs that are undergoing clinical trials for
treatment of metastatic prostate cancer [16,40]. This
study suggests that the drug target, IGFBP5, is
expressed in the microenvironment of metastatic
cancer cells. This may increase the opportunity of
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Fig. 4. RegulationofIGFBP5expressioninHS27acellsbyandrogen.A:ARRNAexpression(leftpanel)andproteinexpression(rightpanel)
inHS27a.Lane1:HS27a; lane2:prostate tissue, lane3:negativecontrol.ARproteinisdetectedbyWesternblotinwholecelllysatesofHS27a
cells orprostate tissue.B: Inductionof IGFBP5expressionbycharcoal strippedserum.HS27a cells are culturedincharcoal-strippedserumfor
indicated time periods.ThemRNA expression of IGFBP5 ismeasuredby qPCR and compared to cells grown in regular serum.Expression is
normalizedtob-actin.C:HS27acells areculturedincharcoal strippedserum(CS)orregular serumfor2and4days.IGFBP5expressioninequal
amounts of whole cell lysate ismeasuredbyWesternblotting.D: Suppression of IGFBP5 expressionby androgen.HS27a cells are cultured in
regular serumorcharcoal-strippedserumwithR1881testosterone for 24hr.The experimentwasrepeated twicewith similarresults.The fold
differenceof IGFBP5RNAexpressionis calculatedasdescribedinB.

Fig. 5. Growth stimulationofP69 cellsby IGFBP5.A: Cartoonof
the experimental design. Extracellular matrix (ECM) is prepared
fromHS27a cells and treatedwith increasing amounts of recombi-
nantIGFBP5(BP-5)and10ng/mlIGF1orIGF2.Afterwashing,P69cells
areaddedtogetherwithIGF1orIGF2andcellnumbersaremeasured
2dayslater.B:GrowthP69cellsonHS27amatrix.TheincreaseinP69
cellnumbers on treatedmatrices is calculatedrelative togrowthon
untreatedmatrix.Valuesrepresent theaverageincreaseincellnum-
bers fromfourexperiments� standarddeviation.TheANOVAtest
indicates that addition of IGFBP5 significantly increases P69 cell
growth(P< 0.001)andthat IGF1orIGF2furtherincreasecellgrowth
(P< 0.001). The experiment was repeated twice with different
passagenumbersofHS27acells.
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IGFBP5 targeted therapies of treating bone metastatic
disease. Because IGF1 and IGFBP5 stimulate the
progression of cancer cells to androgen independence,
early administration of drugs that inhibit their activ-
ities may augment the clinical response to androgen
ablative treatment. In addition to its therapeutic
interest, IGF1 and IGFBP5 levels in the bone and
BM could affect the progression of micrometastatic
disease. Studies are under way to determine whether
progression of micrometastatic disease at the time
of radical prostatectomy is increased in men with
low serum testosterone levels due to an elevated
IGFBP5 concentration. In summary, IGFBP5 functions
as a key androgen-sensitive modulator of the BM
microenvironment.
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An AntibodyTargeting theType I Insulin-like Growth Factor Receptor
Enhances theCastration-InducedResponseinAndrogen-Dependent
ProstateCancer
Stephen R. Plymate,1,3 Kathy Haugk,3 Ilsa Coleman,4 LillieWoodke,1Robert Vessella,2,3 Peter Nelson,4

R. Bruce Montgomery,1Dale L. Ludwig,5 andJennifer D. Wu1

Abstract Purpose:To determine the effect of inhibition of insulin-like growth factor-IR (IGF-IR) signaling
with an antibody to the IGF-IR, A12, in conjunction with androgen withdrawal on prostate cancer
progression in a human prostate xenograft model, LuCaP 35.
Experimental Design: LuCaP 35 was implanted s.c. in severe combined immunodeficient
mice. At the time of castration, mice were randomized to one of three groups. Group 1was
castrate only; group 2 received A12 40 mg/kg i.p. for 2 weeks beginning1week after castration;
and group 3 received A12 40 mg/kg i.p. for 2 weeks beginning 2 weeks after castration.
Results: In group 1, tumor volume decreased to 60% of the starting volume 4 weeks post-
castration. In groups 2 and 3, tumor volumes nadired 6 weeks after castration at <10% of the
volume at time of castration (P < 0.01). Tumor regrowth was not seen in groups 2 or 3 until
15 weeks after castration. Androgen receptor (AR) localization in tumors showed a decrease in
nuclear staining in groups 2 and 3 compared with group 1 (P < 0.001). Tumor volume correlated
with nuclear AR intensity. AR-regulated genes increased early in group 1, but did not increase in
groups 2 and 3.Thus, tumor-specific survival was prolonged by the addition of A12 to castration.
Conclusions:This study shows that the inhibition of IGF-IR enhances the effects of castration in
prostate cancer. These effects are associated with a decrease in AR signaling and nuclear AR
localization, and recurrence is associated with an increase in AR-regulated gene expression.

Castration is one of the most effective therapies available for
metastatic prostate cancer, with >80% response as measured by
a decline in prostate-specific antigen (1, 2). However, recur-
rence following castration is inevitable. Recently, studies from
several groups have shown that following castration, significant
amounts of androgens are still detected in the prostate (3).
Moreover, androgen receptor (AR) is still detected in the
nucleus, and increased AR expression is correlated with prostate
cancer progression following androgen withdrawal (3–6).
These data suggest that further targeting of the AR and
mechanisms of cell survival that occur following castration

could significantly enhance castration effects and potentially
prolong survival.

Following castration, signaling through the mitogenic and
antiapoptotic insulin-like growth factor (IGF) system is increased
by several mechanisms (7–10). Within 24 to 48 h post-
castration, enhancement of ligand-induced signaling through
the type I IGF tyrosine kinase receptor (IGF-IR) occurs by an
increase in IGF binding proteins 2 and 5 (7–14). Although
IGF-IR expression is decreased immediately after castration, clini-
cal studies show that the receptor increases as time after castra-
tion increases (15). These data suggest that signaling through the
IGF-IR may be a pathway contributing to prostate cancer cell sur-
vival and the emergence of androgen-insensitive disease (16).
Zhang et al. (17) have shown that an increase in survivin, an
inhibitor of apoptosis, via signaling through the IGF-IR/AKT
pathway is a mechanism for the development of resistance to
anti-androgen therapy. Other laboratories have also shown that
growth factor stimulation of AKT enhances AR signaling, such
that the AR is sensitized to transactivation by low levels of andro-
gen (18–22). Taken together, these data suggest that in prostate
cancer, signaling through the IGF-IR leads to the development of
resistance to androgen deprivation. We have previously reported
that A12 as a single agent in LuCaP 35 androgen-dependent
(AD) and LuCaP 35v androgen-independent (AI; ref. 16) human
prostate cancer xenografts results in a significant decline in the
rate of tumor growth, but does not halt or reverse tumor growth
(23). We have reported that the inhibition of IGF-IR signa-
ling in AD and AI human prostate xenograft models results in
decreased nuclear distribution of the AR (24).
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Based on the data from our published studies (23, 25) as well
as data from other groups, we hypothesize that treatment of
AD prostate tumors with A12 at the time of castration would
generate a synergy to enhance the effects of castration and pro-
long the time for AD tumors to progress to the AI phenotype.
In this study, we show that targeting the IGF-IR with the fully
human monoclonal antibody A12 following castration signif-
icantly enhances the effect of castration and time to occurrence
of AI disease in the LuCaP 35 human xenograft model of AD
prostate cancer.

Materials andMethods

Xenograft cell line. The LuCaP 35 human prostate cancer xenograft
model is an androgen-dependent human xenograft maintained in
severe combined immunodeficient (SCID) mice (23, 26). The xenograft
regresses following androgen withdrawal, and tumor regrowth recurs
f5 weeks after castration. The LuCaP 35 human prostate xenograft was
selected for these studies because it has a wild-type AR, secretes PSA,
and is representative of the prostate cancer xenografts that develop

resistance to androgen deprivation by increasing AR expression (5).
LuCaP 35 is pTEN negative (27).
A12 antibody. A12 is a fully human antibody antagonist to the

human IGF-IR, generated by screening a naBve bacteriophage Fab library
(28). A12 does not cross-react with the insulin receptor (28).

In vivo study. To study the in vivo effect of A12 on castration, tumor
bits (20-30 mm3) of the LuCaP 35 AD human prostate cancer xenograft
were implanted s.c. into 6- to 8-week-old intact SCID mice as previously
described (23, 26). Tumors were allowed to grow to f400 mm3, at
which time, the animal is surgically castrated (23, 26). At the time of
castration, animals were randomized into one of three groups of 20
animals each: group 1 (castration), castration plus vehicle i.p. thrice a
week beginning 1 week after castration; group 2 (early A12), castration
plus A12 antibody i.p. at a dose of 40 mg/kg body weight thrice a week
for 2 weeks beginning 1 week after castration; and group 3 (late A12),
castration plus A12 antibody 40 mg/kg body weight i.p. thrice a week
for 2 weeks beginning 2 weeks after castration (Fig. 1). After the single
2-week administration of A12, no further A12 treatments were given.
We have shown detectable levels of antibody with the A12 dosing
schedule used in this study for up to 4 weeks following cessation of
therapy (25). Group 1 was considered the castration control group. The
timing of A12 administration for 2 weeks beginning either 1 or 2 weeks
after castration was based on published data with the LuCaP 35 cell

Fig. 1. A, tumor volume versus time.The differences between the castrate group (group1), the group with A12 started1wk after castration (group 2), and the group
with A12 started 2 wk after castration (group 3) became significant at P < 0.01after week 4 and remained significant throughout the remainder of the study. *, P < 0.05,
significant differences between groups 2 and 3 began at week17 and remained different until the end of the study. Tumor volume in group1was >1,000 mm3. B, serum
PSA levels from animals in the three groups. PSA drops similarly in all three groups after castration, but has reached its nadir in the castrate group by week 3, following which
PSA begins to increase, indicating an increase in tumor growth that is detectable by week 5. In contrast, the PSA level remains at its nadir in the two castrate + A12 groups
until tumor recurrence begins at week18.C, survival curves demonstrating the percent of animals in each group that have survived a tumor-induced death.Tumor death occurs
when the tumor volume is >1,000 mm3. Data show the markedly enhanced survival of the animals receiving A12 and castration (groups 2 and 3) compared with castration
alone (group1).
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line, indicating that maximum castration-induced apoptosis occurs
within 4 days of castration (26). Because the inhibition of IGF-IR
signaling could cause cell cycle arrest and prevent cells from undergoing
apoptosis, we decided to start A12 when apoptosis was complete
following castration (26, 29). In preliminary studies using docetaxel
and the M12 human prostate cancer cell line, we noted that the
administration of A12 before taxanes decreased taxane-induced
apoptosis by arresting the cells in the G1 phase of the cell cycle (25).
A12 was administered for 2 weeks and then stopped to determine the
efficacy with castration and a prolonged effect of A12 as a single agent
following castration. Animals were weighed twice weekly. Blood
samples were collected from orbital sinus weekly. The serum was
separated, and PSA levels were determined using the IMx Total PSA
Assay (Abbott Laboratories). Tumors were measured twice weekly, and
tumor volume was estimated by the formula: volume = length �
width2/2. Following our University of Washington–approved animal
protocol, animals were euthanized when the tumor reached a volume
of 1,000 mm3 or when animal weight loss exceeded 20% of the initial
body weight.

After euthanization, tumors were collected and treated as previously

described (23, 25). A portion of the tumors were fixed in 10% neutral

buffer formalin (NFB) and embedded in paraffin. Sections of 5 Am were

prepared for immunohistochemistry (IHC) staining. One quarter of the

tumor was separated into single cells mechanically. Total RNA and

cell lysates for protein analysis were prepared at previously described

(23, 25).

During the study, we sacrificed three animals from each group to

represent two arbitrary time periods post-castration (period 1 was 17-70

days post-castration, and period 2 was 70-140 days post-castration).

Due to the size of the tumors, adequate RNA was collected from group

1 to construct three arrays for each of the two intervals; however, due to

the small size of the tumors in groups 2 and 3, two arrays could be

constructed at each interval for group 2 and one array for group 3.

Because the response and time to recurrence was very similar, we

combined the results from the arrays in groups 2 and 3 for analysis. All

animal studies and procedures were approved by the University of

Washington Institutional Animal Care and Use Committee (IACUC).
Flow cytometry. To measure tumor IGF-IR expression, 5 � 105 cells

were incubated with anti– IGF-IRa antibody SC-461 (Santa Cruz
Biotechnology) and phycoerythrin-conjugated goat anti-mouse anti-
body and analyzed using a BD FACscan. Data were analyzed using
CellQuestPRO software (BD BioScience; ref. 23).
Apoptosis. Apoptosis was determined by terminal nucleotidyl

transferase–mediated nick end labeling (TUNEL) assay and propidium

iodide staining using the Apop-Direct kit (BD BioScience) as previously

described (23). Apoptosis was also determined using the TUNEL assay

on formalin-fixed tissue using the Apop-Tag kit (Millipore Co.)
following the manufacturer’s recommendations. Apoptotic cells were

determined per 300 cells per tissue slide.
Immunohistochemistry. Tumor samples were fixed in 10% NBF,

embedded in paraffin, and sectioned at 5 Am onto slides. After blocking
with 1.5% normal goat serum in PBS containing 0.05% Tween 20
(PBST) for 1 h, slides were incubated with mouse anti-bromodeoxyur-
idine (BrdUrd) antibody (1 Ag/mL) for 1 h, followed by sequential
incubation with biotinylated goat anti-mouse immunoglobulin G (IgG)
for 30 min, peroxidase-labeled avidin for 30 min (Santa Cruz
Biotechnology), and 3,3¶-diaminobenzidine (DAB)/hydrogen peroxide
chromogen substrate (Vector Laboratories). All incubation steps were
done at room temperature. For negative control, mouse IgG (Vector
Laboratories) was used instead of the primary anti-BrdUrd antibody.
Numbers of BrdUrd-labeled nucleus and total nucleus were collected
from 10 random views of each section. Proliferation index was
calculated by the number of BrdUrd-positive nuclei divided by the
total number of nuclei. Ten fields were counted per slide. AR used an
AR human monoclonal antibody (F36.4.1, Biogenex), and IGF-IR used
a monoclonal antibody from Santa Cruz Biotechnology against the
a-subunit of the IGF-IR (23).

Cytosol and nuclear fractionation. LnCap cells were grown in
T-Medium with 5% fetal bovine serum (FBS) until 40% confluent.
Media was replaced with RPMI T&S with 2% charcoal stripped serum
(CSS) for 24 h. Nuclear extracts were collected using the Nuclear/Cytosol
Fractionation Kit (BioVision K266-100) according to the manufacturer’s
protocol. Purity of fractionation was validated by Western blot using a
specific antibody to Golgi, sc20587 or histone 2B, sc-8650 (Santa Cruz
Biotechnology).
Deconvolution microscopy. LnCaP cells were plated in T-Medium

supplemented with 5% FBS until 40% confluent. Media was replaced
with RPMI T&S with 2% CSS for 24 h and/or treated with A12 antibody
overnight. Another sample received A12 antibody for 1j treatment
before adding 10-8 mol/L of dihydrotestosterone, and 20 ng/mL of
IGF-I in RPMI T&S with 2% CSS. After treatment, cells were fixed in cold
acetone/methanol (1:1) for 10 min and stained with an AR-specific
antibody sc-7305 (Santa Cruz Biotechnology) followed by a biotin-
SP–conjugated goat anti-mouse IgG F(ab’)2 (Santa Cruz Biotechnology)
and a Streptavidin-Alexa594 (Molecular Probes). About 5 Ag/mL of 4¶-6-
diamidino-2-phenylindole (DAPI) was used to stain the nucleus. Cells
were mounted with Prolong Anti-Fade reagent (Molecular Probes) and
examined with Deltavision SA3.1 Wide-field Deconvolution Micro-
scope. Three-dimensional results of ROI Z-stacks were analyzed using
the Image J Analysis software (NIH).
Western blotting. Western blotting was done as previously de-

scribed and probed with survivin ab (FL-142). sc-10811 is from Santa
Cruz Biotechnology using a 1:200 dilution (23).
Prostate and serum testosterone and dihydrotestosterone. Measure-

rements of serum testosterone and dihydrotestosterone measurements
were done as previously described (6). Prostate tissue testosterone and
dihydrotestosterone measurements were done in the laboratory of
Dr. David Hess (Oregon Primate Center) and have also been previously
described (8). Briefly, the tissue was flash frozen at the time of
collection and kept at -70jC until assayed. At the time of assay, the
tissue was thawed to 4jC, homogenized, and extracted with diethyl
ether. Extracts were dried under NO2 and then stored in ethanol until
the time of assay. Separation of steroids was done on Sephadex LH-20
columns as described, and appropriate fractions were assayed by RIA.
cDNA microarray analysis. Custom cDNA microarrays were con-

structed using clones derived from the Prostate Expression Database
(PEDB), a sequence repository of human prostate expressed sequence
tag (EST) data available to the public6 (30). Methods of labeling with
Cy3 and Cy5 fluorescent dyes, hybridization to the microarray slides,
and array processing were as described (31).

Three tumors were pooled in each experimental group. To provide a
reference standard RNA for use on cDNA microarrays, we isolated and
pooled equal amounts of total RNA from LNCaP, DU145, PC3, and
CWR22rV1 cell lines (American Type Culture Collection), growing at log
phase in dye-free RPMI 1640 supplemented with 10% FBS (Life
Technologies). mRNA was amplified one round using the Ambion
MessageAmp II Amplification Kit (Ambion Inc.). Hybridization probes
were labeled, and quality control of the array experiments was done as
described previously (31). Differences in gene expression associated
with treatment groups were determined using the SAM procedure,7 with
a false discovery rate (FDR) of <10% considered significant (32).
Similarities between samples were assessed by unsupervised, hierarchi-
cal clustering of genes and samples using Cluster 3.0 software8 and
viewed by TreeView.9

Real-time reverse transcription-PCR. Survivin and h-tubulin III were
assayed by PCR using primers and methods previously described (25).
A standard PCR fragment of the target cDNA was purified. About 1 Ag of
total RNA from each group of pooled tumor was used for first-strand

6 www.pedb.org
7 http://www-stat.stanford.edu/_tibs/SAM/
8 http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/software.htm
9 http://rana.lbl.gov/EisenSoftware.htm
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cDNA synthesis using Superscript First Strand Synthesis System
(Invitrogen). Real-time reverse transcription-PCR (RT-PCR) was done
in 20 AL of reaction mixture consisting of 1 AL of first strand of cDNA,
specific primers sets, and Lightcycler FastStart DNA Master Plus SYBR
Green using a Roche Lightcycler following the manufacturer’s protocol
(Roche). RT-PCR products were subjected to melting curve analysis on
Lightcycler software v3.5. The amplicon sizes were confirmed by
agarose gel electrophoresis. Each sample was assayed in duplicate.

Results

Inhibition of IGF-IR with A12 significantly enhances tumor
regression induced by castration and delays time to tumor recur-
rence. Figure 1A shows a decrease in LuCaP 35 tumor volume
following castration (P V 0.05) at 5 weeks when com-
pared with maximum tumor volume at the time of castration.
The nadir in PSA occurred at week 3 and subsequently increased

throughout the remainder of the study (Fig. 1B). The addition of
A12 at either the early or late time points resulted in a rapid
decrease in tumor volume that was significantly different from
group 1 (Fig. 1A). The slopes of the decrease in tumor volumes
were similar between both A12 groups. The apparent difference
between groups 2 and 3 during the first 9 weeks of the study is
accounted for by the 1-week difference in time between the
initiation of A12 treatment. The initial decrease in PSA was
similar in each group, and the subsequent increase in PSA began
with the regrowth of the tumors. Group 1 tumor volume
decreased to 60% of the starting volume 4 weeks after castration
(P < 0.01). By 17 weeks, all animals in group 1 had to be
sacrificed because tumor volumes had reached 1,000 mm3. In
contrast, in the A12 plus castration groups, only two animals
had to be sacrificed because of tumor volume by the end of the
study, and these events occurred at 14 weeks after the castration.

Fig. 2. A, a representative tumor sections from groups1, 2, and 3 with IHC for theAR. Arrows and numbers, relative values given to nuclearAR staining. Magnification, 40�;
no counterstain. Note the marked number of tumor cells with nuclearAR in castrate only group1in spite of the fact that the tumor was removed >10 wk after castration.
B, correlation between nuclearAR intensity and tumor volume. r = 0.66; P < 0.01. o, group1values; ., castrate + A12 early and late values, groups 2 and 3. Values are the
mean value for100 nuclei graded per tumor.
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In groups 2 and 3, tumor volumes reached their nadir 6 weeks
after castration at <10% of the volume at castration (P < 0.01).
Figure 1C presents survival data on the three groups using tumor
death as an end point. Tumor death is based on the tumor
volume reaching 1,000mm3 because this is the tumor volume at
which the animal must be euthanized according to the
University of Washington IACUC protocol. The study was

terminated when all of the group 1 animals met the criteria for
tumor volume.

To investigate whether the change in AR nuclear transloca-
tion with A12 treatment was a potential mechanism for the
interaction of A12 and castration in this study, we did AR IHC
on tumors from each of the three groups. We assigned a nuclear
AR staining score to 100 nuclei from each tumor (Fig. 2A).

Fig. 3. Significant gene expression changes between the two time periods of A12-treated tumors. A, out of 3,170 unique genes on the array with sufficient data to test,
there were 21up-regulated [including many androgen-regulated (*)] and 41down-regulated with V10% q value in the late time period when tumors began to recur compared
with the early time period.
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Nuclei were scored blindly by two individuals, and the mean of
the two scores was counted as the score for the respective tissue.
There was a significant positive correlation between tumor
volume and nuclear AR intensity (r = 0.66; P V 0.01; Fig. 2B).
Enhanced effect of castration plus A12 treatment is associated

with a decrease in AR-regulated gene expression. cDNA micro-
arrays were done on RNA samples from tumors in each group at
the time frames indicated in Materials and Methods. The arrays
done before day 73 were included into the ‘‘early’’ time period,
and those after that point were termed the ‘‘late’’ time period.
No genes were found to be significantly altered between the
time periods for group 1 (castration alone) when tested by two-
sample t test in SAM (q value z100%) In addition, unsuper-
vised, hierarchical clustering of known androgen-regulated
genes did not segregate the two time periods. This may not be

surprising because the animals in group 1 had PSA and growth
recurrence and increased nuclear AR scores in the tumors
removed for array analysis at early and late time points. In
contrast, there were significant changes in gene expression
between the two time periods of A12-treated tumors in groups 2
and 3. Out of 3,170 unique genes on the array, 21 were up-
regulated (including many androgen regulated), and 41 were
down-regulated with V10% q value in the late time period
when tumors began to recur compared with the early time
period (Fig. 3A). Unsupervised, hierarchical clustering of known
androgen-regulated genes clearly differentiated the A12-treated,
two time periods into two separate clusters (Fig. 3B). Changes in
the expression of representative AR-regulated genes, such as
KLK3, FKBP5, and PART1 were further validated by qRT-PCR
(Fig. 3C). These data indicate that with progression to AI disease

Fig. 3 Continued. B, furthermore, unsupervised, hierarchical clustering of known androgen-regulated genes clearly differentiated theA12-treated, two time periods into two
separate clusters. Gene annotations are in the Supplementary Data for (B).
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after A12 treatment plus castration, greater localization of AR to
the nucleus is associated with AR transcriptional activity as a
probable mechanism of progression.
Survivin and b-tubulin (TUBB) expression are significantly

decreased by A12. Survivin was selected for evaluation because it
is an antiapoptotic protein regulated by IGFs and associated with
the resistance to castration and progression in prostate cancer
(17, 33, 34). As shown in Fig. 4A, qRT-PCR shows a significant
positive correlation between survivin copy number and tumor
volume (r = 0.66; P V 0.01). A second gene that correlates with
IGF-IR–induced tumor formation is h-tubulin, TUBB (35). In
Fig. 4B, TUBB expression was decreased significantly in groups 2
and 3 compared with group 1. The copy numbers of TUBB
correlate positively with tumor volume (r = 0.59; P V 0.01). A
third gene that was not differentially expressed over on the
microarrays in group 1 but was decreased in the two early time
periods in the groups 2 and 3 was PSA. The change in PSA
expression was confirmed by a similar pattern in the serum PSA
levels (Fig. 1B).
BrdUrd and TUNEL staining show A12 plus castration results

in decreased proliferation. As shown in Table 1A, proliferation
was significantly greater in the group 1 tumors compared with
groups 2 and 3 (P V 0.01). In contrast, apoptosis as determined by
TUNEL staining was higher in group 1 compared with groups 2
and 3 (Table 1A).
Changes in tumor cell surface IGF-IR expression. In group 1,

IGF-IR increased with time following castration (r = 0.32;
P V 0.02). No changes in IGF-IR expression over time were seen
in either group 2 or 3 and seemed to remain low throughout
the course of the study (Fig. 5).
Tumor androgens are not modulated by A12 treatment. We

assayed tumor tissue androgens to explore whether A12 might
mediate its effect by further suppressing tissue androgen levels.
Testosterone and dihydrotestosterone levels were readily
detectable in the xenografts when tumors were removed at
the time of sacrifice at least 5 weeks after castration (Table 1B;
ref. 5). There was no significant difference in tissue androgens
in the tumors treated with castration alone versus those treated

with castration plus A12 at the time of sacrifice in all three
groups. Reduced serum testosterone levels as well as the
decrease in PSA confirmed that the animals were castrated, and
that modulation of tissue androgen levels is not a mechanism
by which A12 mediates its effects on AR translocation.
IGF-IR signaling modulates AR nuclear translocation in LnCaP

cells. In this study, we propose that the inhibition of IGF-IR
signaling affects the translocation of the endogenous AR.
Because the LuCaP xenograft does not grow in vitro , we have
elected to use the LnCaP line because it is one of the few human
prostate cancer cell lines with an endogenous AR. As seen in
Fig. 6A to D, addition of dihydrotestosterone to the medium
induces the nuclear translocation of the AR, with a further
increase in nuclear AR density when IGF-I and dihydrotestos-
terone are added in combination, consistent with previous
studies (24). When cells were treated with A12 before the
addition of IGF-I, the level of nuclear AR was similar to the level
seen with dihydrotestosterone alone (Fig. 6E and F). To further
assess the effect of the IGF-IR on nuclear AR localization, we
isolated the nuclear and cytoplasmic fractions of LnCaP cells
treated as indicated with dihydrotestosterone and IGF (Fig. 6G).
The purity of fractions was determined by Golgi and histone 2B
Western blots for cytoplasmic or nuclear contamination,
respectively. The Western blots were done in triplicate experi-
ments, and AR bands were quantitated and controlled for

Fig. 3 Continued. C, RT-PCR of three androgen-regulated genes that had
decreased expression in theA12 + castration treatment versus castration alone.
Note that the changes on the gel are consistent with changes noted on the array.
Gene identification compares to HUGO definition in Fig. 4A.

Fig. 4. A, correlation between survivin copy numbers and tumor volume. o,
castrate only, group1, values;., castrate + A12 early and late values; r = 0.66,
P V 0.01. Each value is the mean of three qRT-PCRs. B, correlation between
tubulin-h peptide 3 copy numbers and tumor volume. o, castrate only values;
., castrate + A12 early and late values; r = 0.59, P V 0.01. Each value is the mean
of three qRT-PCRs.
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loading by histone 2B protein. The nuclear/cytoplasmic AR
(Nu/Cy) ratio increased significantly (P < 0.01) when cells were
treated with IGF-I and returned to the level of dihydrotestoster-
one treatment alone when cells were treated with A12 before
the treatment with IGF-I (Fig. 6I). These results were similar to
those obtained by deconvolution microscopy, further confirm-
ing the effects of the IGF-IR on AR nuclear translocation.
Associated with the decrease in nuclear AR, we have seen a
decrease in PSA mRNA and protein (data not shown). The
Western blots also indicate that in the absence of androgen,
there is no effect of IGF or A12 because IGF-1R is not expressed
in LnCaP cells without androgen (36).

Discussion

This study provides preclinical evidence that treatment with
an IGF-IR inhibitory monoclonal antibody, A12, following
castration significantly prolongs and accentuates the effect of
androgen deprivation on prostate cancer response and time to
recurrence in a human xenograft model of prostate cancer (23).
A12 inhibits IGF-IR activity by interfering with IGF-ligand
binding to the receptor, and A12 significantly decreases IGF-IR
cell surface expression by lysosomal degradation (23, 28). In
this study, a 2-week period of administration of A12 soon after
castration was associated with a greater than 4-fold lengthening
of the time of tumor regression in these mice. Because the study
was stopped at 24 weeks, the entire length of time until tumor-
related sacrifice in the A12-treated animals is not known.
However, because SCID mice have a life span of approximate
52 weeks, the 2-week period of A12 treatment extended the
tumor regression period by 40% of the animal’s life span (The
Jackson Laboratory).

Recent data in men as well as human prostate cancer
xenografts in mice have shown that current methods of
androgen ablation fail to decrease prostatic androgens below
that expected to activate the AR (3, 6, 37, 38). Furthermore, it
has been shown that AR expression is the most consistent factor
associated with the progression of prostate cancer following
androgen withdrawal (5, 39). AR expression increases in the
LuCaP 35 human prostate cancer xenograft when regrowth

occurred after castration (5). Despite these data indicating that
current methods of androgen withdrawal fail to completely
abrogate AR-driven tumor progression, castration remains the
mainstay of treatment for recurrent prostate cancer with
progression-free survival times between 12 and 36 months
and time to death of 24 to 72 months.

The addition of A12 to androgen withdrawal has the potential
to enhance the effects of castration through various pathways.
One pathway would be blocking IGF-mediated recovery from
apoptosis. The mechanisms by which the IGF-IR can abrogate
apoptosis have been reviewed in several recent papers and are
beyond the scope of this discussion, but may involve the Ras–
extracellular signal-regulated kinase (Ras-ERK) and the phos-
phoinositide-3-kinase pathways (40, 41). This pathway is not
unique to the prostate, but is one of the most common

Fig. 5. IHC of IGF-IR. A, IgG control, B, castrate only, group1. Note the well-
defined IGF-IR expression on cell surface and in cytoplasm. C and D, representative
tumors from groups 2 and 3, respectively. Note the decrease in overall IGF-IR
staining in tumors from groups 2 and 3 compared with castrate only group1.

Table 1. Analysis of proliferation, apoptosis, and steroid levels in tumors

A. Apoptosis and BrdUrd uptake

Treatment group Apoptosis (TUNEL; mean F SE) BrdUrd (mean F SE)

Castrate 6.58 F 1.41 27.74 F 1.93
Castrate + A12 early 1.29 F 0.49* 17.78 � 2.74*
Castrate + A12 late 1.16 � 0.37* 12.36 F 1.75*

NOTE: Note the decreased castrate levels of testosterone in the serum but increased levels of testosterone and dihydrotestosterone in prostate
tissue compared with non-castrate tumors. Samples from groups 2 and 3 are included in the castrate + A12 category.
*P < 0.001 compared with castrate group.
cP < 0.001 versus serum testosterone.

B. Serum testosterone levels and prostate xenograft levels of testosterone (60) and dihydrotestosterone (DHT)

Tissue Serum testosterone (nmol F SE) Prostate testosterone (pg/mg F SE) Prostate DHT (pg/mg F SE)

Non-castrate (n = 5) 15.00 F 6.00 0.60 F 0.21c 1.07 F 0.13c

Castrate (n = 5) 0.70 F 0.60 1. 72 F 1.41 2.18 F 0.81
Castrate + A12 (n = 5) nd 1.16 F 0.15 3.18 F 1.68
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mechanisms involved in recovering from an apoptotic insult in
multiple tissues (40, 42–51). In prostate cancer, there is clear
clinical evidence that activation of IGF signaling occurs soon
after castration, and IGF-IR expression increases in human
prostate cancer as the time post-castration increases and with the
development of androgen-independent disease (36). A second
mechanism by which IGF-IR inhibition could prolong the
effects of androgen withdrawal is by maintaining the tumor
in cell cycle arrest following the initial apoptosis of androgen
withdrawal. After the initial cell death induced by castration,
the remaining prostate epithelial cells remain in a state of
cell quiescence until tumor growth recurs. We and others have
shown that IGF-IR inhibition can cause prostate cancer cells
to undergo cell cycle arrest as well as enhance apoptosis (23).
The BrdUrd uptake done on tumors harvested at the end of the
study would suggest that this is one mechanism by which A12
has prolonged the effects of castration. A third potential mecha-
nism for the activity of A12 in conjunction with castration
would be to enhance the inhibition of signaling through the AR.
Such a mechanism would be of interest because it would pose a
specific reason for use of IGF-IR inhibition in prostate cancer.

We have looked at the expression of two genes that are
regulated by the IGF-IR and associated with the development of
resistance to castration, tubulin h-peptide (TUBB), and survivin
(17, 34, 52). In this study, we noted that survivin and TUBB
were suppressed by A12 in the castration-plus-A12 groups
compared with the castrate-alone group. Because survivin has
been shown as a pathway by which androgen-insensitive disease
may arise following androgen deprivation and its expression
is increased by IGF-IR activation, a decrease in survivin by the
inhibition of IGF-IR may be an important mechanism and
marker of A12 activity in prostate cancer. Likewise, TUBB is
specifically increased in IGF-IR–mediated cell transformation,
and its suppression by A12 may also be a specific biomarker and
pathway for inhibition of prostate cancer by A12 (53).

Because the LuCaP 35 tumors used in this study are pTEN
negative and because we have shown that A12 decreases AKT
phosphorylation in these tumors, we would conclude that the
loss of pTEN activity is not a mechanism of resistance to IGF-IR
inhibition (27). The effectiveness of targeting the IGF-IR in the
absence of pTEN has also been shown in other studies in the
prostate as well as other tumors (54, 55).

Fig. 6. IGF-I ^ induced AR translocation into the nucleus in LnCaP cells. A to G, data from deconvolution microscopy images. After treatment, cells were fixed and
stained with an AR-specific antibody sc-7305 followed by a biotin-SP ^ conjugated goat anti-mouse IgGF(ab’)2 and a streptavidin-Alexa594. DAPI was used to stain for
nucleus. A, LnCaP cells in CSS medium, AR is predominantly localized in the cytoplasmic compartment. B, with10-8 mol/L of dihydrotestosterone treatment, most of
theAR is localized in the nucleus.C, with10 ng/mL IGF-I, the majority of AR is in the cytoplasm. D, with treatment of10-8 mol/L dihydrotestosterone + 10 ng/mL IGF-I, nearly
all AR is localized in the nucleus. E, with treatment of10-8 mol/L dihydrotestosterone + 10 ng/mL IGF-I + 20 Ag/mL A12, someAR moved from nucleus to the cytoplasm.
F, treatment with 20 ng/mL A12 shows all AR in the cytoplasm. A, B, D, and E, magnification, 40�; C and F, magnification, 60�. G, relative quantitation of nuclear
AR (red). *, P < 0.01, compared with (A). H,Western immunoblot of cytosol and nuclear fractions of LnCaP cells inT-Medium with CSS (1),Treated with10-8 mol/L
dihydrotestosterone (2), 10-8 mol/L dihydrotestosterone + 10 ng/mL IGF-I (3), 10-8 mol/L dihydrotestosterone + 10 ng/mL IGF-I + 20 Ag/mL A12 (4). Cytosol and nuclear
extractions controlled for loading and purity by ERK antibody. Further purity of separation is seen with all Golgi immunoreactivity, a cytoplasmic marker in the cytoplasm
and histone 2B immunoreactivity, a nuclear marker, in the nucleus. Histone 2B and Golgi protein was affected by treatments and could not be used as a loading control. Each
experiment was done in triplicate. I, nuclear/cytoplasmic ratio of AR based on the densitometry of triplicateWestern blots from (G). #, P < 0.01, compared with10-8 mol/L
dihydrotestosterone (2) and10-8 mol/L dihydrotestosterone + IGF-1 + 20 ng/mL A12 (4).
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Persistent signaling through the AR is a common feature of
prostate cancer progression in all circumstances where it was
examined. In fact, recent data from several groups suggest that
not only is the AR continually expressed and active following
androgen deprivation, but the prostate may be able to
synthesize dihydrotestosterone from several precursor steroids
and possibly acetate (3, 4, 39, 56, 57). If these data are correct,
the activation of the AR in androgen-deprived prostate cancer
patients has become an autocrine rather than endocrine
function, and therapy needs to be directed at the AR. In this
study, we present evidence that signaling through the IGF-IR
enhances classic AR signaling by increasing the translocation to
the nucleus. Furthermore, when IGF-IR signaling is blocked
soon after castration, the effects of castration are augmented.
Associated with the enhanced effects on tumor growth is a
marked decrease in nuclear AR. Although marked decreases in
serum PSA were noted with castration alone or castration plus
A12, PSA began to increase within 4 weeks as tumor size
increased in the animals treated with castration alone and was
consistent with the regrowth of the tumor. In contrast, in the
castration-plus-A12–treated animals, PSA remained suppressed
significantly longer than those that received castration as the
only treatment. When PSA did subsequently increase, tumor
volume also began to increase. This suggests that in spite of
being castrate, there was a return of androgen signaling. These
differences between groups were confirmed by the cDNA array
analysis. In the castration-only group, there were no differences
in gene expression between tumors assayed at any of the time
points noted. Although in the castration-plus-A12–treated
animals, a significant increase in androgen-regulated genes
was noted when the tumors recurred, suggesting a return to AR-
driven tumor progression. When cDNA arrays were compared
between those tumors that had recurred in the castrate group
and those that had recurred in the castrate-plus-A12–treated
groups, there were no differences, indicating that once the
tumors had recurred, the same forces were driving tumor
progression as determined by gene expression. We have also
effectively ruled out the possibility that these changes in
androgen-regulated genes are mediated by the modulation of
tissue androgens. Therefore, other means by which AR-
mediated signaling is abrogated must be invoked.

The finding most relevant to prostate cancer was the
correlation between decreased nuclear AR and tumor volume.
This suggests that the inhibition of IGF-IR signaling, in addition
to its effects on antiapoptotic and proliferation pathways, may
have a specific effect in prostate cancer by altering AR nuclear
translocation and subsequent AR signaling. The mechanism by
which A12 accomplishes this activity has yet to be defined.
However, we do show that in vitro A12 decreases the nuclear/
cytoplasmic ratio of AR, and that this change results in a
decrease in androgen-regulated gene expression in LnCaP and
M12 AR cells (27). We have previously reported that IGF
treatment decreases AR phosphorylation (27), and Gioeli et al.
have shown that phosphorylation of the AR at Ser650 is
necessary for nuclear export of the AR (57). Therefore, a
potential mechanism for the effect of A12 is to enhance AR
phosphorylation at Ser650 and facilitate nuclear export. Lin has
reported that signaling via the IGF-IR results in the phosphor-
ylation of the AR in contrast with our studies (58). However,
Gioeli has shown that there is no direct phosphorylation of the
AR by IGF (59). Regardless, the decrease in phosphorylation of
AR and increase in nuclear AR localization is consistent with
the current study. The mechanism by which IGF induces
dephosphorylation has not been defined.

Finally, as shown in the cDNA array data, the resumption of
tumor growth in the castration-plus-A12 groups is associated
with an increase in AR-regulated gene expression, consistent
with the recurrence of AR-driven progression and the demon-
stration that A12 functions, at least in part, by the suppression
of AR function.

In summary, we show in a preclinical study that the
combination of castration plus IGF-IR inhibition significantly
prolongs the time to the appearance of AI prostate cancer when
compared with castration alone. If these data were confirmed in
clinical trials, the addition of an IGF-IR monoclonal antibody
in conjunction with castration would significantly increase the
survival and symptom-free period of men with recurrent
prostate cancer.
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Tumor Suppressor BRCA1Is Expressed in Prostate Cancer and
Controls Insulin-like Growth Factor IReceptor (IGF-IR) Gene
Transcription in an Androgen Receptor^Dependent Manner
Hagit Schayek,1Kathy Haugk,2 Shihua Sun,2 Lawrence D.True,3 Stephen R. Plymate,2,4 and HaimWerner1

Abstract Purpose:The insulin-like growth factor (IGF) system plays an important role in prostate cancer.
The BRCA1gene encodes a transcription factor with tumor suppressor activity. The involvement
of BRCA1in prostate cancer, however, has not yet been elucidated. The purpose of the present
study was to examine the functional correlations between BRCA1and the IGF system in prostate
cancer.
Experimental Design: An immunohistochemical analysis of BRCA1was done on tissue
microarrays comprising 203 primary prostate cancer specimens. In addition, BRCA1levels were
measured in prostate cancer xenografts and in cell lines representing early stages (P69 cells)
and advanced stages (M12 cells) of the disease. The ability of BRCA1to regulate IGF-I receptor
(IGF-IR) expression was studied by coexpression experiments using a BRCA1expression vector
along with an IGF-IR promoter-luciferase reporter.
Results:We found significantly elevated BRCA1 levels in prostate cancer in comparison with
histologically normal prostate tissue (P < 0.001). In addition, an inverse correlation between
BRCA1 and IGF-IR levels was observed in the androgen receptor (AR)^ negative prostate
cancer ^ derived P69 and M12 cell lines. Coexpression experiments in M12 cells revealed that
BRCA1was able to suppress IGF-IR promoter activity and endogenous IGF-IR levels. On the other
hand, BRCA1enhanced IGF-IR levels in LNCaPC4-2 cells expressing an endogenous AR.
Conclusions:We provide evidence that BRCA1differentially regulates IGF-IR expression in
AR-positive and AR-negative prostate cancer cells. The mechanism of action of BRCA1involves
modulation of IGF-IR gene transcription. In addition, immunohistochemical data are consistent
with a potential survival role of BRCA1in prostate cancer.

The insulin-like growth factors, IGF-I and IGF-II, are a family
of mitogenic polypeptides with important roles in normal
growth and differentiation as well as in tumor development
and progression (1–3). In the specific context of prostate
cancer, a significant amount of data has been accumulated over
the last 20 years suggesting that the IGF axis plays an important
role in the transformation of the prostate epithelium (4–7).
The contribution of IGF action to prostate cancer development

is further supported by epidemiologic studies showing a
significant increase in serum IGF-I levels in patients who later
developed prostate cancer (8). Acquisition of the malignant
phenotype is initially IGF-I receptor (IGF-IR) dependent;
however, the progression of prostate cancer from an organ-
confined, androgen-sensitive disease to a metastatic one is
associated with dysregulation of androgen receptor (AR)–
regulated target genes and with a significant decrease in IGF-IR
mRNA and protein levels (9, 10). Likewise, IGF-IR expression is
extinguished in a majority of human prostate cancer bone
marrow metastases (11). The molecular mechanisms that are
responsible for regulation of the IGF-IR gene in prostate cancer,
however, remain largely unidentified.

The familial breast and ovarian cancer susceptibility gene-1
(BRCA1) gene encodes a 220-kDa phosphorylated transcrip-
tion factor with tumor suppressor activity (12). BRCA1
mutation was correlated with the appearance of breast and
ovarian cancer at very young ages, although BRCA1 has been
also implicated in the etiology of sporadic types of cancer
(13–15). BRCA1 is normally targeted to the nucleus via two
nuclear localization signals (16). The BRCA1 polypeptide
participates in multiple biological pathways, including gene
transcription, DNA damage repair, cell growth, and apoptosis
(17). Both direct and indirect types of evidence support a tumor
suppressor role of BRCA1. Direct evidence was provided by
studies showing that transfer of BRCA1 protein arrested growth
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of breast and ovarian cancer cells, whereas inactivation of the
endogenous BRCA1 gene induced cellular transformation (18).
On the other hand, indirect evidence was provided by studies
showing somatic allelic loss of 17q21 in breast and ovarian
tumors (19).

The involvement of BRCA1 in prostate cancer etiology has
been the focus of controversial debate. Previous studies have
suggested that BRCA1 functions as an AR coregulator and plays
a positive role in androgen-induced cell death (20, 21).
Consistent with a potential tumor suppressor role, prostate
cancer cells DU-145 transfected with a wild-type BRCA1
exhibited decreased proliferation rate, increased sensitivity to
chemotherapy drugs, increased susceptibility to drug-induced
apoptosis, and alterations in expression of key regulatory
proteins (22). Furthermore, BRCA1 splice variant BRCA1a was
recently shown to display antitumoral activity in triple-negative
prostate cancer cells (23). Linkage studies have provided
conflicting data about a potential correlation between BRCA1/
BRCA2 status and a familial history of prostate cancer. Thus,
Struewing et al. (24) reported that by the age of 70 years, the
estimated risk of prostate cancer in Ashkenazi Jewish men
carrying mutations in the BRCA1 or BRCA2 genes was 16%.
The hypothesis that deleterious mutations in BRCA2 are
associated with an increased risk of prostate cancer was further
substantiated by studies showing that this type of mutations is
more likely to be found in unselected individuals with prostate
cancer than in age-matched controls (25). In a recent study, the
Icelandic BRCA2 999del5 founder mutation was strongly
associated with rapidly progressing lethal prostate cancer
(26). Specifically, patients carrying this mutation had a lower
mean age of diagnosis, more advanced tumor stages, and
shorter median survival times. On the other hand, a study by
Vazina el al. (27) concluded that the rate of predominant
Jewish BRCA1 and BRCA2 mutations in prostate cancer patients
was not significantly different from that in the general

population. Likewise, no strong evidence for a role of BRCA1
or BRCA2 mutations in the development of prostate cancer was
provided by other reports (28, 29).

In view of the putative role of BRCA1 in prostate cancer, and
to expand our previous studies on the interactions between
BRCA1 and the IGF system, we evaluated in the present study
(a) the potential correlation between BRCA1 expression and
tumor status in a collection of prostate cancer specimens, and
(b) the capacity of BRCA1 to control IGF-IR expression in
prostate cancer cells with different AR status. Results obtained
indicate that BRCA1 is expressed at relatively high levels in
prostate cancer compared with a very low BRCA1 immunos-
taining in normal prostate epithelium. There is a significant
negative relationship between IGF-IR and BRCA1 expression
levels in AR-negative prostate cancer cell lines, whereas in
cancer with an active AR this relationship is positive. In
addition, we provide evidence that the IGF-IR gene is
differentially regulated by BRCA1 in prostate cancer cells with
different AR status.

Materials and Methods

Tissue acquisition. The tissue samples used in this study were tissue
microarrays made from human radical prostatectomy specimens
acquired and used in conformity with an Institutional Review Board–
approved protocol at the University of Washington. Median patient age
was 58 y (range, 48-74 y). The prostates ranged in weight from 21 to
123 g (median, 42 g). At presentation, 58% of patients were clinical
stage cT1 and 42% cT2. The range of serum PSA was 2.2 to 24 ng/mL
(median, 5.4 ng/mL).
Tissue microarrays. Two tissue microarrays were used for these

studies. All samples in all arrays were provided in duplicate as 0.6-mm-
diameter tissue cores. These arrays contained 203 prostate carcinomas
exhibiting a range of Gleason grades (72% Gleason pattern 3, 27%
Gleason pattern 4, 1% Gleason pattern 5) and 80 samples of
nonmalignant prostate tissue of different biological states (normal,
atrophy, and benign prostatic hyperplasia).
Immunohistochemistry. Antibodies recognizing BRCA1 (Santa Cruz

Biotechnology, Inc.) and IGF-IR a-subunit (Santa Cruz Biotechnology)
were used to stain the tissue microarrays. BRCA1 blocking peptide was
purchased from Abcam. Specificity of staining was confirmed by
omission of the primary antibody, by immunostaining the sections
with a primary antibody against an irrelevant antigen, and by
preincubating the anti-BRCA1 in a 5-fold molar excess concentration
of BRCA1 peptide before incubating the sections with primary anti-
BRCA1 antibody. In addition, specificity was determined by Western
blot of a human prostate xenograft, LuCaP 35, which expresses BRCA1
protein. The Western blot was stained with BRCA1 antibody or a
10-fold excess of the BRCA1 blocking peptide plus BRCA1 antibody.
Antigen was localized using a three-step avidin-biotin-peroxidase
method. In brief, deparaffinized sections were rehydrated in PBS and
subjected to antigen retrieval using a microwave (15 min in citrate
buffer solution). Sections were then incubated sequentially in solutions
of 5% albumin in PBS, 10% hydrogen peroxide in water, primary
antibody, secondary antibody [biotinylated antirabbit IgG (BA-1000,
Vector Labs)], and avidin-biotin-peroxidase solution (Vector Labs) with
interval washes in PBS. Reaction product was detected by incubating the
sections in an aqueous solution of 0.05% diaminobenzidine and 0.3%
hydrogen peroxide. The sections were counterstained with hematoxylin.
Nuclear BRCA1 localization was assessed by staining the tissue
microarray without hematoxylin counterstain to more clearly show
only BRCA1 staining in the nucleus.
Quantitation and statistical analysis. The immunohistochemical

stains were evaluated in a blinded fashion by two independent

Translational Relevance

The breast and ovarian cancer susceptibility gene-1
(BRCA1) was originally identified as a protein whose
mutated form was associated with familial breast and/or
ovarian cancer. However, it is clear that the nonmutated
(wild-type) form of BRCA1has distinct cellular functions,
includingactivity as an androgen receptor (AR)coactivator
as well as inhibition of insulin-like growth factor-I receptor
(IGF-IR) gene expression. In this study, wewere interested
in determining the role BRCA1may have in regulationof the
IGF-IR gene inprostate cancer.Wehave shown thatBRCA1
protein expression is increased in prostate cancer, but
rather than suppressing IGF-IR expression, as we show in
AR-negative prostate epithelial cell lines, we show that
BRCA1 is positively correlated with IGF-IR. Further we
show that the mechanism responsible for this correlation
involves enhancing AR transactivation. These findings are
of relevance because they show a new mechanism for IGF
and AR stimulation of prostate cancer and further support
the relevance of targeting ARand IGF-IR in prostate cancer
with BRCA1expression as a marker for defining the target
activity.
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pathology reviewers using the following scale: 0, no expression; 1, faint/
focal/equivocal staining; 2, <50% of the cells express the antigen; 3,
>50% of cells express the antigen. The following cell types were
evaluated: secretory and basal epithelial cells; high-grade prostate
intraepithelial neoplasia; and Gleason pattern 3, Gleason pattern 4, and
Gleason pattern 5 tumor cells. Statistical analysis was done using two-
way ANOVA and Bonferonni correction for multiple comparisons.
Statistics were done using the Statview statistical program.
Cell cultures. Derivation of the P69 and M12 cell lines has been

previously described (30, 31). Briefly, the P69 cell line was obtained
by immortalization of prostate epithelial cells with SV40 T antigen,
and the M12 cell line was derived by injection of P69 cells into
athymic nude mice and serial reimplantation of tumor nodules into
nude mice. P69 and M12 cells were cultured in RPMI 1640
supplemented with 10 ng/mL epidermal growth factor, 0.1 nmol/L
dexamethasone, 5 Ag/mL insulin, 5 Ag/mL transferrin, and 5 ng/mL
selenium. P69 cells are responsive to IGF-I and are rarely
tumorigenic, whereas M12 cells are highly tumorigenic and metastatic
and exhibit a reduced IGF-I responsiveness (32). P69 and M12 cells
express extremely low levels of AR. The LNCaP C4-2 cell line was
maintained in T-Medium (Invitrogen) containing 5% fetal bovine
serum.
Western immunoblots. Cells were harvested with ice-cold PBS

containing 5 mmol/L EDTA and lysed in a buffer containing
150 mmol/L NaCl, 20 mmol/L HEPES (pH 7.5), 1% Triton X-100,
2 mmol/L EDTA, 2 mmol/L EGTA, 1 mmol/L phenylmethylsulfonyl
fluoride, 2 Ag/mL aprotinin, 1 mmol/L leupeptin, 1 mmol/L pyro-
phosphate, 1 mmol/L vanadate, and 1 mmol/L DTT. Protein content
was determined using the Bradford reagent. Samples were electro-
phoresed through 10% SDS-PAGE, followed by blotting of the proteins
onto nitrocellulose membranes. After blocking with 5% skim milk in
T-TBS [20 mmol/L Tris-HCl (pH 7.5), 135 mmol/L NaCl, and 0.1%
Tween 20], blots were incubated with a rabbit polyclonal anti-human
IGF-IR h-subunit antibody (Santa Cruz Biotechnology), washed with
T-TBS, and incubated with an horseradish peroxidase–conjugated
secondary antibody. In addition, blots were incubated with antibodies
against BRCA1 (C20, Santa Cruz Biotechnology), tubulin (T-5168,
Sigma-Aldrich Co.), Akt and phospho-Akt (Ser473) (#9272 and #9271,
respectively, Cell Signaling), extracellular signal– regulated kinase
(Erk)-1 and phospho-Erk1/2 (Thr202/Tyr204) (SC-94, Santa Cruz
Biotechnology, and #9101, Cell Signaling, respectively), and actin
(A-5060, Sigma-Aldrich). Proteins were detected using the SuperSignal
West Pico Chemiluminescent Substrate (Pierce).

Plasmids and DNA transfections. An expression vector encoding
wild-type BRCA1 was constructed by cloning the BRCA1 cDNA into
artificially engineered HindIII and NotI sites in the pcDNA3 vector
(Invitrogen; ref. 33). The BRCA1 vector was kindly provided by
Dr. Lawrence Brody (NIH, Bethesda, MD). For transient cotransfection
experiments, an IGF-IR promoter luciferase reporter construct was used
that includes 476 bp of 5¶-flanking region and 640 bp of 5¶-untranslated
region of the IGF-IR gene [p(-476/+640)LUC]. The promoter activity of
this genomic fragment has been previously described (34). P69 and
M12 cells were transfected with 1 Ag of the p(-476/+640)LUC reporter
construct, along with 1 Ag of the BRCA1 expression vector and 0.3 Ag of
a h-galactosidase expression plasmid (pCMV-h, Clontech), using the
Jet-PEI (Polyplus) transfection reagent. Promoter activities were
expressed as luciferase values normalized for h-galactosidase activity.

For stable transfections, parental P69 and M12 cells were plated in
six-well plates and transfected with a wild-type BRCA1 expression vector
(or pcDNA3 as a control) using the Jet-PEI reagent. After 24 h, selection
by 500 Ag/mL G418 (geneticin, A.G. Scientific, Inc.) was started. After
2 wk of G418 selection, independent colonies were picked up and
BRCA1 expression was assessed by quantitative reverse transcription-
PCR, as described below. Stable-transfected clones used in this study
expressed at least 50% more BRCA1 mRNA than control cells.
Quantitative real-time PCR. Quantitative Real-time PCR was done

using TaqMan Universal PCR MasterMix and Assay-on-Demand Gene
Expression primers and probes (Applied Biosystems). An ABI Prism
7000 Sequence Detection System was used. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels were analyzed as an
internal control and used to normalize the BRCA1 mRNA values.
Amplification was carried out after an incubation of 2 min at 50jC and
10 min at 95jC, followed by 20 cycles at 95jC for 15 s, 1 min at 55jC,
and 30 s at 72jC. The number of PCR cycles to reach the fluorescence
threshold was the cycle threshold (C t). Each cDNA sample was tested in
triplicate and mean C t values are reported. Furthermore, for each
reaction, a ‘‘no template’’ sample was included as a negative control.
Fold differences were calculated using the 2DDCt method.
Proliferation assays. Cells were plated in six-well plates (2 � 105 per

well) in complete medium. After 24 h, the medium was changed to
fresh, serum-containing medium. Cells were counted daily by trypsin
treatment, followed by trypan blue staining and manual counting with
a hemocytometer. At least four fields were counted at each time point
and ligand dose. Proliferation experiments were replicated using 2,3-
bis[2-methoxy-4-nitro-5-sulfophenyl]-2H -tetrazolium-5-carboxanilide
inner salt staining (Biological Industries) with similar results.

Fig. 1. Expression of BRCA1in prostate cancer.Two tissue microarrays including 203 specimens were immunostained with BRCA1antibody C20 as described in Materials
and methods. A, Gleason score 6 cancer glands (red arrows) expressing intense immunoreactivity and a benign gland (green arrow) expressing faint immunoreactivity. B,
Gleason score 6 cancer glands expressing faint immunoreactivity (red arrow) and adjacent normal gland (green arrow) with intraluminal crystalloid lacking immunoreactivity.
C, statistical analysis of BRCA1staining in prostate cancer versus normal adjacent prostate epithelium (average of the respective scores with SDs).
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Results

Immunohistochemical analysis of BRCA1 expression in prostate
cancer. The potential involvement of tumor suppressor
BRCA1 in the etiology of prostate cancer has been the topic
of controversial research. To investigate the expression of
BRCA1 in primary prostate tumors, immunoreactive BRCA1
was measured in two tissue microarrays, which contained 203
prostate cancer specimens (Fig. 1). Only specimens including
both tumor and normal prostate epithelium were included in
our analysis. In general, no to very faint BRCA1 immunore-
activity was observed in benign glands, whereas variably
intense staining was seen in prostate cancer. Statistical analysis
of the data indicates a highly significant difference (P < 0.001)
between BRCA1 expression levels in prostate cancer compared
with normal adjacent tissue (Fig. 1C). IGF-IR immunostaining
revealed no correlation between BRCA1 and IGF-IR staining in
the benign luminal cells of the 203 specimens on the tissue
microarrays that stained positively for both proteins (r = -0.11,
P > 0.05). In contrast, in the malignant tissue from the same
tissue microarrays, there was a significant positive correlation
between IGF-IR and BRCA1 (r = 0.21, P < 0.02). IGF-IR levels
were significantly higher in the malignant epithelium com-
pared with normal luminal cells (P < 0.01). With respect to AR
expression in the tissue samples by benign prostate luminal

cells, 6% lacked AR immunoreactivity, 18% expressed AR at
a level of 1, 31% at 2, and 45% at 3. All cancers expressed AR:
24% at 1, 34% at 2, and 42% at 3. BRCA1 was mainly
localized to the nucleus, as shown by staining of the tissue
microarray without hematoxylin counterstain (Fig. 2A). Fur-
thermore, the specificity of the BRCA1 staining was addressed
by preincubating the BRCA1 antibody in a 5-fold molar excess
concentration of BRCA1 peptide before immunostaining. As
shown in Fig. 2B, the intensity of the BRCA1 staining was
significantly reduced in the presence of the peptide. Likewise,
the intensity of the f220-kDa BRCA1 band in a Western blot
of a prostate cancer xenograft was largely reduced in the
presence of a 10-fold molar excess of the BRCA1 blocking
peptide (Fig. 2C).
BRCA1 expression in prostate cancer xenografts. To further

examine BRCA1 levels in prostate cancer, protein expression
was measured by Western blot in a collection of 27 human
prostate cancer xenografts, kindly provided by Dr. Robert
Vessella (University of Washington, Seattle, WA). Results
obtained showed that BRCA1 was expressed in most of the
xenografts; however, the levels varied over a wide range
between xenografts. Likewise, large variations were seen in
IGF-IR levels between xenografts. Equivalent amounts of
protein were loaded in each lane and equal loading was
confirmed by Erk loading (Fig. 3).

Fig. 2. Nuclear BRCA1staining in prostate cancer.
Nuclear staining by anti-BRCA1of both benign epithelial
(green arrow) and stromal (black arrow) cells in a sectionof
prostate (A) was abolished when the primary anti-BRCA1
antibody was preincubated with a BRCA1blocking peptide
(B).C, tissue lysate from LuCaP 35 humanprostate cancer
xenograft was electrophoresed through SDS-PAGE and
immunoblottedwith anti-BRCA1antibody in the absence or
presence of a BRCA1blocking peptide. Note loss of BRCA1
band with a10-fold molar excess of the blocking peptide.

Fig. 3. Western immunoblots with BRCA1, IGF-IR, and Erk antibodies of cell extracts of 27 individual human prostate cancer xenografts grown in severe combined
immunodeficient mice. Xenografts with a ‘‘v’’or ‘‘ai’’ after the number are androgen-independent lines grown in castrated mice. All of the other lines were from intact mice.
Tissue was kindly supplied by Dr. Robert Vessella.

BRCA1Controls IGF-IRExpression in Prostate Cancer

www.aacrjournals.org Clin Cancer Res 2009;15(5) March1, 20091561



BRCA1 expression in prostate cancer cell lines. In view of the
fact that progression to advanced stage disease is usually
associated with a reduction in IGF-IR levels (9), and given that
BRCA1 was previously shown to control IGF-IR levels in breast
cancer cells in a negative fashion (35–37), we examined the
pattern of expression of BRCA1 in two AR-negative prostate
cancer–derived cell lines with different IGF-IR levels. As
previously shown, the poorly tumorigenic P69 cell line
expressed high IGF-IR levels, whereas the tumorigenic and
metastatic M12 derivative exhibited significantly reduced
IGF-IR values (32). Western blot analysis of BRCA1 revealed
a diametrically opposite pattern of expression. Thus, BRCA1
levels were f4-fold lower in P69 than in M12 cells (Fig. 4A).
To assess whether the increased BRCA1 levels in M12 cells were
associated with corresponding changes in mRNA levels, BRCA1
mRNA levels were measured in both prostate cell lines using
quantitative real time-PCR. Results obtained showed that
BRCA1 mRNA levels in M12 cells were f1.5-fold higher than
in P69 cells (Fig. 4B).
Regulation of IGF-IR promoter activity by BRCA1 in prostate

cancer cells. To examine whether the reciprocal pattern of
BRCA1 and IGF-IR gene expression in prostate cancer cells
could be due to transcriptional repression of the IGF-IR
promoter by endogenous BRCA1, cotransfection experiments
were done in M12 cells using a BRCA1 expression vector along
with construct p(-476/+640)LUC, which contains most of the
proximal region of the IGF-IR promoter fused to a luciferase
gene. Forty-eight hours after transfection, cells were harvested
and luciferase and h-galactosidase activities were measured. As
shown in Fig. 5A, BRCA1 induced a significant reduction in
IGF-IR promoter activity in comparison with pcDNA3-trans-
fected cells (f50% suppression).

Fig. 4. Expression of endogenous IGF-IR and BRCA1in P69 and M12 prostate
cancer cells. A,Western blot analysis of IGF-IR and BRCA1expression in prostate
cancer cells. Untransfected M12 and P69 cells were lysed in the presence of
protease inhibitors, as indicated inMaterials andMethods. Equal amounts of protein
(100 Ag) were separated by 8% SDS-PAGE, transferred to nitrocellulose filters, and
blotted with anti-BRCA1 (top), anti ^ IGF-IR (middle), and anti-tubulin (bottom)
antibodies.The positions of thef220-kDa BRCA1,f97-kDa IGF-IR h-subunit,
andf50-kDa tubulin proteins are indicated.The figure shows a typicalWestern blot
repeated at least thrice with similar results. B, quantitative real-time PCRof BRCA1
mRNA levels in prostate cancer cells. Total RNAwas prepared from P69 and M12
cells, and BRCA1mRNA and GAPDH mRNAvalues were measured using the
TaqMan real-time PCR system. Analysis of the data was done as described in
Materials and Methods. *, P < 0.01, versus M12 cells.

Fig. 5. Regulation of IGF-IR gene expression by BRCA1in prostate cancer cells.
A, regulation of IGF-IR promoter activity by BRCA1. M12 cells were transiently
transfected with1 Ag of the p(-476/+640)LUC IGF-IR promoter-luciferase reporter
construct, along with1 Ag of the BRCA1expression vector (or empty pcDNA3)
and 0.3 Ag of the pCMVh plasmid, using theJet-PEI reagent. Forty hours after
transfection, cells were harvested and the levels of luciferase and h-galactosidase
were measured. Promoter activities are expressed as luciferase values normalized
for h-galactosidase levels. Columns, mean of three independent experiments
done in duplicate dishes; bars, SE. *, P < 0.01, versus pcDNA3-transfected cells.
B, quantitative real time-PCRof BRCA1mRNA in P69-derived and M12-derived
stable BRCA1-overexpressing clones. BRCA1mRNA levels were normalized to
GAPDH mRNA levels and expressed in arbitrary units. Analyses were done as
indicated in the legend to Fig. 4. Control, pcDNA3-transfected clones; BRCA1,
full-length BRCA1-transfected clones. C, regulation of endogenous IGF-IR levels by
BRCA1. Stable BRCA1-overexpressing (or pcDNA-3 transfected) P69 and M12
cells were lysed and endogenous IGF-IR levels were measured byWestern blots.
Blots were reprobedwith anti-tubulin as a loading control.D, regulation of total and
phosphorylated IGF-IR levels and downstreammediators by BRCA1.M12 cells were
transfected with a BRCA1expression vector (or empty pcDN3 vector), and after
48 h, cells were lysed andWestern blots were done with antibodies against BRCA1,
tubulin, and total and phospho-IGF-IR, Akt, and Erk.
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Next we studied whether BRCA1 could suppress the
expression of the endogenous IGF-IR gene. For this purpose,
P69 and M12 cells were stably transfected with a BRCA1
expression vector followed by selection with G418. Total RNA
was prepared from individual clones and BRCA1 mRNA levels
were assessed by quantitative real-time PCR. Clones used in this
study expressed at least 50% higher BRCA1 mRNA levels than
control, pcDNA3-transfected P69 and M12 cells (Fig. 5B).
Western blot analysis revealed that endogenous IGF-IR levels
were largely reduced in BRCA1-overexpressing P69 cells in
comparison with P69 control cells (Fig. 5C). On the other
hand, no effect was seen on the already reduced endogenous
IGF-IR levels in BRCA1-overexpressing M12 cells. An inhibitory
effect of BRCA1 in M12 cells, however, was observed in cells
that were transiently transfected with a BRCA1 vector. As shown
in Fig. 5D, BRCA1 expression led to a reduction in total and
phospho-IGF-IR, as well as in phospho-Akt, but not in total and
phospho-Erk.
Effect of AR expression on BRCA1 action. Because most

prostate cancer cells contain an AR and because BRCA1 is a
recognized enhancing coregulator of the AR, we determined the
response to BRCA1 in the AR-positive LNCaP C4-2 line, which
expresses an endogenous AR, although mutated in the
androgen-binding domain. The results of these studies are
shown in Fig. 6. These studies show by both an AR reporter
assay and measurement of the AR responsive gene TSC22 and

IGF-IR mRNA by quantitative PCR that in the presence of a
functional AR, enhancement of AR signaling by BRCA1 results
in increased IGF-IR and TSC22 gene expression (Fig. 6A). In
addition, BRCA1 expression enhanced AR transcriptional
activity, as shown by cotransfection experiments using an AR-
responsive luciferase reporter plasmid (AAR3; Fig. 6B).
Effect of BRCA1 expression on cell proliferation. To assess the

potential effect of BRCA1 expression on cell proliferation,
BRCA1-overexpressing P69 and M12 cells were plated in six-
well plates at a density of 1 � 105 per well and counted after
24, 48, and 72 hours using a hemocytometer. Results obtained
indicate that BRCA1-overexpressing P69 and M12 cells consis-
tently displayed an enhanced proliferation rate in comparison
with pcDNA3-transfected cells (f1.5-fold increase at 72 hours;
P < 0.05, in three independent experiments; Fig. 6C).

Discussion

Tumor suppressor BRCA1 has been shown to be involved in
the regulation of a number of biological processes in various
cellular and animal models (17). A potential role for BRCA1
in prostate cancer was suggested by both epidemiologic and
experimental studies (21, 38), although its mechanisms of
action and potential targets have not yet been identified. The
IGFs have been recognized as important regulators of prostate
epithelial cell growth and differentiation as well as prostate

Fig. 6. Effect of AR status on BRCA1action.
A, LNCaPC4-2 cells were transfected with a
BRCA1expression vector (hatched columns) or
an empty vector (solid columns) as described in
Materials and Methods.Twenty-four hours after
transfection, dihydrotestosterone10-9 mol/L was
added to the medium and total RNAwas collected
after an additional 3 h. Quantitative real-time PCR
was run for the androgen-regulated geneTSC22
and IGF-IR mRNAs. *, P < 0.01, versus control.
B, theAAR3 luciferase reporter construct was
cotransfected onto LNCaP C4-2 cells along with a
BRCA1expression vector (solid columns) or an
empty vector (open columns).Twenty-four hours
after transfection, dihydrotestosterone10-9 mol/L
(or diluent) was added to the cells for an additional
3 h, after which luciferase activity was measured.
Note the significant increase in reporter activity
in the BRCA1-containing cells compared with
control. RLU, relative luciferase units. C, effect of
BRCA1on cellular proliferation. BRCA1-expressing
and control P69 and M12 cells were plated in
six-well plates at a density of 2 � 105 per well in
complete medium. Cells were trypsinized every
24 h, stained with trypan blue, and counted with a
hemocytometer. The number of cells at time 0 was
assigned a value of 100%.The y-axis denotes cell
numbers (percentage of cells at time 0). Columns,
mean (n = 3 independent experiments); bars, SD.
Proliferation rates of BRCA1-expressing P69
and M12 cells at 72 h were significantly higher
compared with control, pcDNA3-transfected
cells (P < 0.05).
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cancer development (39). The IGF-IR, which mediates the
mitogenic and antiapoptotic actions of IGF-I and IGF-II, has
been identified as a pivotal player in prostate cancer initiation
and progression (10). The pattern of expression of the IGF-IR
gene through the various stages of the disease, however,
remains a controversial subject. Thus, whereas studies have
shown that progression of prostate cancer xenografts to
androgen independence is associated with a large increase in
IGF-IR mRNA levels (compared with the original androgen-
dependent tumors; ref. 40), other reports provided substantial
evidence that IGF-IR levels were decreased in human prostate
carcinoma compared with benign prostate epithelium (9).
Consistent with this later study, and as shown in the present
article, IGF-IR levels are much higher in the nonmetastatic
prostate epithelial cell line P69 compared with its metastatic
derivative, the M12 cell line (32). Furthermore, whereas IGF-IR
mRNA levels were shown to be largely suppressed in bone
marrow metastases (11), other studies reported a persistent
expression of the IGF-IR gene in prostate metastases (41). Our
data, showing a negative correlation between IGF-IR and
BRCA1 levels in benign luminal cells and a positive correlation
in the malignant tissues, suggest that in the transition from
benign to malignant prostate epithelium, there is a potential
enhancement of the IGF system with up-regulation of IGF-IR
by BRCA1. Whether this is a direct interaction cannot be
determined by this type of correlation analysis.

The present study identifies BRCA1 as a novel player in
prostate cancer and establishes a functional link between
BRCA1 and the IGF-IR with potentially relevant physiologic
and pathologic implications in the prostate. Immunohisto-
chemistry revealed that BRCA1 levels were f60% higher in
transformed epithelium in comparison with normal tissue
(P < 0.001). This paradoxical pattern of expression is consistent
with the results of assays showing that BRCA1-overexpressing
cells exhibit an enhanced proliferation rate. In addition, data
are also consistent with the results of ontogenetic analyses in
rodents showing that BRCA1 is highly expressed in rapidly
proliferating cells (42). BRCA1 expression is induced by
positive growth signals at the cell cycle point where cells
become committed to replicate their DNA and undergo cell
division (17). Maximal BRCA1 expression was detected during
the pre-replicative (G1) phase of the cell cycle (43), and it was
proved that BRCA1 is involved in the control of the G1-S and
G2-M transition checkpoints (44). Furthermore, we have
recently shown that IGF-II, whose levels are largely enhanced
in prostate carcinoma, is a potent stimulator of BRCA1
expression (9, 45). On the other hand, BRCA1 overexpression
in DU-145 prostate cancer cells was previously shown to cause
a very small decrease in proliferation rate, as measured by
[3H]thymidine uptake (46). However, BRCA1 expression was
associated with constitutive activation of STAT-3, a transcrip-
tion factor with crucial roles in cell transformation and tumor
formation. Moreover, the fact that reduction of STAT-3 levels
with antisense oligomers inhibited cell proliferation suggests
that BRCA1 expression may elicit a cell survival signal with
importance in prostate cancer progression. Further support to
the notion that BRCA1 may be involved in early (androgen-
dependent) stages of the disease is provided by studies showing
that BRCA1 directly interacts with AR and stimulates the
activity of androgen response elements in prostate cancer cells
(20). Of interest, a recent study has shown that the BRCA1

gene is overexpressed in conjunction with a network of genes
related to BRCA1 function in aggressive prostate, breast, and
lung cancers in transgenic models associated with integrated
SV40 T/t antigen expression (47). The apparent paradox
between the increased BRCA1 levels in prostate cancer and a
putative tumor suppressing activity may potentially stem from
the multiple and often opposite cellular pathways elicited by
BRCA1 (21).

Whereas the biological significance of IGF-IR reduction in
prostate cancer is still unclear, the data presented here show
that the IGF-IR gene is a downstream target for BRCA1 action
in this organ. In prostate cancer cells not expressing an AR,
BRCA1 expression resulted in an f50% reduction in the
activity of a cotransfected IGF-IR promoter construct, proba-
bly by a direct effect at the IGF-IR promoter. The physiologic
relevance of these results is highlighted by the fact that the
endogenous IGF-IR gene, as well as IGF-IR and Akt
phosphorylation, was reduced in BRCA1-expressing M12
prostate cancer cells. However, in prostate epithelial cells
that express an active AR, the effect of BRCA1 on IGF-IR gene
expression is mediated through its enhancement of AR
transcription and subsequent AR-mediated IGF-IR expression.
These results are consistent with studies showing an interplay
between BRCA1 and AR in transcriptional regulation (48). In
terms of the mechanism of action of BRCA1, we have
previously identified a proximal IGF-IR promoter region that
mediated the effect of BRCA1 (35, 36). Specifically, this
region included a cluster of four GC boxes, which are bona
fide binding sites for zinc finger protein Sp1. Whereas we
were unable to show direct binding of the in vitro translated
BRCA1 protein to this promoter region, we identified a
BRCA1 domain involved in Sp1 binding. Physical interaction
between BRCA1 and Sp1 prevented binding of the zinc finger
to cis -elements in the IGF-IR promoter, with ensuing
reduction in promoter activity. A related mechanism of
action was recently reported for the von Hippel-Lindau
tumor suppressor in the specific context of IGF-IR regulation
in clear cell renal carcinoma (49). Thus, similar to BRCA1,
von Hippel-Lindau was shown to reduce IGF-IR promoter
activity and mRNA levels via a mechanism that involves
functional and physical interactions between von Hippel-
Lindau and Sp1.

In summary, we have shown that BRCA1 regulates IGF-IR
gene expression in prostate cancer cells via a mechanism that
involves repression of IGF-IR gene transcription. In addition,
immunohistochemical data are consistent with a potential
survival role of BRCA1 in prostate cancer. Regulation of IGF-IR
expression by BRCA1 may constitute a novel control mecha-
nism that allows the IGF system to engage in both differ-
entiative and proliferative types of actions.
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Transforming Growth Factor-β–Stimulated Clone-22 Is an

Androgen-Regulated Gene That Enhances Apoptosis

in Prostate Cancer following Insulin-Like

Growth Factor-I Receptor Inhibition

Cynthia C.T. Sprenger,1,2 Kathleen Haugk,3 Shihua Sun,1 Ilsa Coleman,4 Peter S. Nelson,1,4

Robert L. Vessella,2,3 Dale L. Ludwig,5 Jennifer D. Wu,1 and Stephen R. Plymate1,3
Abstract Purpose: Inhibition of insulin-like growth factor (IGF) signaling using the human IGF-I
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receptor monoclonal antibody A12 is most effective at inducing apoptosis in prostate

cancer xenografts in the presence of androgen. We undertook this study to determine

mechanisms for increased apoptosis by A12 in the presence of androgens.

Experimental Methods: The castrate-resistant human xenograft LuCaP 35 V was im-

planted into intact or castrate severe combined immunodeficient mice and treated with

A12 weekly. After 6 weeks of tumor growth, animals were sacrificed and tumors were

removed and analyzed for cell cycle distribution/apoptosis and cDNA arrays were done.

Results: In castrate mice, the tumors were delayed in G2 with no apoptosis; in contrast,

tumors from intact mice underwent apoptosis with either G1 or G2 delay. Transforming

growth factor-β–stimulated clone-22 (TSC-22) was significantly elevated in tumors from

the intact mice compared with castrate mice, especially in those tumors with the high-

est levels of apoptosis. To further determine the function of TSC-22, we transfected

various human prostate cancer cell lines with a plasmid expressing TSC-22. Cell lines

overexpressing TSC-22 showed an increase in apoptosis and a delay in G1. When these

cell lines were placed subcutaneously in athymic nude mice, a decreased number of

animals formed tumors and the rate of tumor growth was decreased compared with

control tumors.

Conclusions: These data indicate that IGF-I receptor inhibition in the presence of andro-

gen has an enhanced effect on decreasing tumor growth, in part, through increased ex-

pression of the tumor suppressor gene TSC-22. (Clin Cancer Res 2009;15(24):7634–41)
We have shown that inhibition of insulin-like growth factor-I
receptor (IGF-IR) with the fully human monoclonal antibody
A12 resulted in a decreased rate of tumor growth for both
androgen-dependent and androgen-independent human pros-
tate cancer xenografts (1, 2). However, depending on whether
the xenograft was castration-resistant, we saw either apoptosis
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for androgen-dependent xenografts grown in intact mice or a
slowing of tumor growth due to G2 arrest without apoptosis
for androgen-independent xenografts grown in castrate mice.
Thus, inhibition of signaling through IGF-IR resulted in signif-
icant suppression of prostate tumor growth by both increased
apoptosis and decreased proliferation (1). Furthermore, we
showed that inhibition of IGF-IR signaling in androgen-
dependent xenografts following castration significantly delayed
progression to androgen-independent prostate cancer (3).
A further suppression of androgen receptor transcriptional
activity also occurred following A12 treatment (3). In this cur-
rent study, we investigated whether the differences in apopto-
sis between androgen-dependent and androgen-independent
human prostate cancer xenografts were due to the presence of
androgen in the androgen-dependent animals or to a change
in tumor phenotype.
We found an increase in transcript levels of several androgen-

regulated genes when castrate-resistant LuCaP 35 V tumors were
grown in intact mice. One androgen-regulated gene of particular
interest was transforming growth factor-β (TGF-β)–stimulated
clone-22 (TSC-22). TSC-22, which is regulated by androgens,
TGF-β1, and PPAR-γ, has been associated with decreased tumor
formation and thus is a putative tumor suppressor gene (4–10).
www.aacrjournals.org
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Translational Relevance

In this study, we show that androgen-regulated

genes such as transforming growth factor-β–stimu-

lated clone-22 (TSC-22) may be responsible for the

induction of apoptosis following inhibition of the

insulin-like growth factor-I receptor (IGF-IR) in

androgen-dependent prostate cancer. The induc-

tion of TSC-22 by androgen in castrate-resistant

prostate cancer xenografts that are placed in an intact

hostmay reinitiate an apoptotic response to IGF-IR in-

hibition that is lost when the same xenografts are

placed in castrate hosts. Clinically, both fully human

monoclonal antibodies, such as A12, and small mole-

cules are in trial for prostate as well as other epithelial

malignancies. The timing for the best effects of IGF-

IR–targeted therapy is important to achieve optimal tu-

mor regression. In this study, we have identified one

factor, TSC-22, the expression of which in androgen-

dependent disease could indicate a favorable response

to early IGF-IR inhibition in prostate cancer.

TSC-22 Increases Apoptosis in Presence of Androgen
In this study, we show that TSC-22 is an androgen-regulated
tumor suppressor gene and that inhibition of IGF-IR signaling
increased TSC-22 expression in a human xenograft model of
prostate cancer. We further show that expression of TSC-22 in
three human prostate cancer cell lines increased the apoptotic
response, which may account, in part, for our previous observa-
tion of an apoptotic response to IGF-IR inhibition in androgen-
dependent prostate tumor xenografts (1).

Materials and Methods

Xenografts and cell lines. The LuCaP 35 V androgen-independent
human prostate xenograft, which only grows in vivo, was originally de-
scribed by Corey et al. (11). The generation and characterization of the
M12 cell line has been described previously (12–14). The PC-3 cell line
was obtained from the American Type Culture Collection. Both cell lines
were cultured in RPMI 1640 supplemented with 5% FCS, 10 ng/mL
epithelial growth factor, 0.02 mmol/L dexamethasone, 5 μg/mL insulin,
5 μg/mL transferrin, 5 ng/mL selenium, fungizone, and gentamicin
at 37°C with 5% CO2. The androgen receptor–positive LNCaP C4-2
subline was a gift from Dr. Robert Sikes (University of Delaware). These
cells were grown in T-medium (Invitrogen) supplemented with 10%
fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomy-
cin at 37°C with 5% CO2.

Cell transfection. A human full-length cDNA clone of TSC-22
(NM_006022) was obtained from Origene Technologies and subcloned
into pcDNA 3.1 with a G418 resistance gene. M12, PC-3, and the LNCaP
C4-2 human prostate cancer cells were transfected with either control
pcDNA 3.1 vector or pcDNA-TSC-22 plasmid. Transfections were done
with Lipofectin 2000 (Promega) according to the manufacturer's proto-
col. Stable clones were obtained with G418 selection (400 μg/mL) and
the expression of TSC-22 was confirmed by Western blotting.

RNA interference. Small hairpin RNAs targeting TSC-22 mRNA
were designed and purchased from Origene. The small hairpin RNA
sequence resulting in the most inhibition was shTSC22D1: 5′-
CCTCATTTGCCTCACCTTCCACAACAGAA-3′. shTSC22D1 was trans-
fected into LNCaP C4-2 cells using Lipofectamine (Invitrogen). Levels
of TSC-22 were measured 3 days post-transfection. For apoptosis
studies, transfected cells were treated 72 h post-transfection with
A12, IGF, and dihydrotestosterone (DHT) for 6 to 48 h.
7635www.aacrjournals.org
Animal studies. The growth of LuCaP 35 V in castrate mice and the
responses to A12 treatment have been reported previously from our
laboratory (1). The RNA used for microarray analysis in this study
was collected immediately after the tumor was removed and was pre-
served in DEPC H2O at -80°C. For studies of LuCaP 35 V growth and
response to A12 in noncastrate (intact) animals, tumor bits (20-30
mm3) of LuCaP 35 V were implanted subcutaneously into ten 6- to
8-week-old intact severe combined immunodeficient mice as described
previously for the LuCaP 35 xenografts (1). When the implanted tumor
reached a volume of 100 mm3, half the animals received A12 antibody
intraperitoneally at a dose of 40 mg/kg body weight three times a week
for up to 5 weeks and the other half received human IgG as a control.
Animals were weighed twice a week. Blood samples were collected
from orbital sinus weekly. Plasma was separated and prostate-specific
antigen level was determined using the IMx Total PSA Assay (Abbott
Laboratories). Tumors were measured twice weekly and tumor volume
was estimated by the formula: volume = (l × w2) / 2. After euthaniza-
tion, tumors were collected, quartered, and treated as follows: (a) fixed
in 10% neutral buffered formalin and embedded in paraffin, and sec-
tions (5 μm) were prepared for immunohistochemistry; (b) separated
into single cells mechanically by mincing and filtering through 70 μm
nylon sieves for flow cytometry; (c) minced and extracted for protein
blots; and (d) RNA extracted and cDNA prepared for microarrays as
described previously (1, 15). For TSC-22 studies, groups of 10male athy-
mic nude mice were subcutaneously injected with 1 million cells each of
either empty vector control cells (M12pc) or TSC-22–overexpressing cells
(M12 TSC-22). Mice were monitored weekly for tumor formation;
tumors were measured and tumor volume was estimated as described
above. Animals were euthanized after 7 weeks and tumors were
removed. All animal studies performed followed a University of
Washington–approved Institutional Animal Care and Use Committee
animal protocol.

cDNA microarray analyses. Custom PEDB cDNA microarrays were
constructed as described previously using clones derived from the
Prostate Expression Database (16), a sequence repository of human
prostate expressed sequence tag data available to the public.6 The in-
serts of individual cDNA clones were amplified by PCR, purified, and
spotted in duplicate onto glass microscope slides (Gold Seal; Becton
Dickinson) with a robotic spotting tool (GeneMachine OmniGrid
100). Labeling with Cy3 and Cy5 fluorescent dyes and hybridization
to the microarray slides were essentially as described (17). Fluorescent
array images were collected for both Cy3 and Cy5 using a GenePix
4000B fluorescent scanner (Molecular Devices). The image intensity
data were gridded and extracted using GenePix PRO 4.1 software,
and spots of poor quality determined by visual inspection were re-
moved from further analysis. RNA from tumors from A12-treated cas-
trate mice was pooled into two groups: (a) tumors that exhibited G2

arrest (8 tumors) and (b) tumors that exhibited no G2 arrest (10 tu-
mors). These two pools were hybridized against a pool of 18 tumors
from untreated castrate tumor controls. RNA from tumors from A12-
treated intact mice was pooled into three groups: (a) G1 arrest with
apoptosis (2 tumors), (b) G2 arrest with apoptosis (2 tumors), and
(c) G1 arrest with no apoptosis (2 tumors). These three pools were
hybridized against a pool of 4 untreated noncastrate tumor controls.
RNA also was collected from laser-captured microdissections from 37
human prostate cancer tissue samples. Each sample yielded RNA from
two areas: benign and cancer. Each of these experiments (LuCaP 35 V
RNA and human prostate cancer RNA) was repeated with a switch in
fluorescent labels to account for dye effects. Normalization of the Cy3
and Cy5 fluorescent signal on each array was done using GeneSpring
7.3 software (Agilent Technologies). A print-tip specific Lowess curve
was fit to the log-intensity versus log-ratio plot and 20.0% of the data
was used to calculate the Lowess fit at each point. This curve was used
to adjust the control value for each measurement. If the control channel
Clin Cancer Res 2009;15(24) December 15, 2009
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was <10, then 10 was used instead. Data were filtered to remove values
from poorly hybridized cDNAs with average foreground minus back-
ground intensity levels <300. Data from the two duplicate cDNAs spots
on each PEDB chip were combined and the average ratios were used for
comparative analyses. Ratios were filtered to include only clones whose
expression was measurable in at least 75% of the samples. Differences
in gene expression were determined using the SAM procedure (18).7

Gene expression differences with a false discovery rate of ≤1% were
considered significant.

Immunohistochemistry. Tumor samples were fixed in 10% neutral
buffered formalin, embedded in paraffin, and sectioned at 5 μm onto
slides. After deparaffinization and rehydration, antigens were retrieved
with 0.01 mol/L citric acid (pH 6.0) at 95°C for 2 to 5 min. Slides
were allowed to cool for 30 min followed by sequential rinsing with
PBS. Endogenous peroxidase activity was quenched by an incubation
with 0.3% H2O2 in methanol for 15 min. After blocking with 1.5% nor-
mal goat serum in PBS containing 0.05% Tween 20 for 1 h, slides
were incubated with TSC-22 antibody (1 μg/mL) for 1 h followed by se-
quential incubation with biotinylated goat anti-mouse IgG for 30 min,
peroxidase-labeled avidin for 30 min (Santa Cruz Biotechnology), and
diaminobenzidine/hydrogen peroxide chromogen substrate (Vector
7 http://www-stat.stanford.edu/_tibs/SAM/
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Laboratories) for 5 to 10 min. Negative controls were done with TSC-
22 antibody preabsorbed with TSC-22 protein (Abnova). All incubation
steps were done at room temperature. Slides were counterstained with
hematoxylin (Sigma) and mounted with Permount (Fisher Scientific).

Western blotting. For cells in culture, cells were washed with PBS
and lysed with cold lysis buffer [50 mmol/L HEPES (pH 7.5), 150
mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, and 10% Triton
X-100] containing Phosphatase Inhibitor Cocktail II (Sigma) and pro-
tease inhibitors (Complete Mini Tablets; Roche). For assaying in vivo
effects of A12, freshly prepared xenografts were minced and then
washed with PBS and lysed as described for cell culture. Twenty-five
micrograms of protein were resolved on 4% to 15% SDS-PAGE gels,
transferred onto a nitrocellulose membranes, and probed with a 1:400
dilution of a rabbit polyclonal TSC-22 antibody (ProteinTech Group).
The blot was washed and incubated with a horseradish peroxidase–
conjugated secondary antibody (Pharmacia Biotech) for 1 h. Immuno-
reactive proteins were detected by enhanced chemiluminescence
(Pharmacia Biotech). The membranes were stripped for 30 min in
stripping buffer (Pierce) and reprobed with anti–β-actin antibody
(Chemicon) as described above. Independent experiments validated
that this stripping procedure did not lead to loss of signal.

Apoptosis and cell cycle assay. Apoptosis was measured by terminal
deoxynucleotidyl transferase–mediated nick end labeling assay using
the Apop-Direct kit (BDBioScience) as described previously (19). Briefly,
Fig. 1. A, tumor volume of LuCaP 35 V
tumors grown in castrate mice
compared with growth in noncastrate
mice. In both groups, half of the
animals were treated with A12,
40 mg/kg per body weight, once the
tumor reached 100 mm3. Changes in
tumor volume after first injection are
shown. Note the significant decrease
in growth rate of LuCaP 35 V tumors
grown in noncastrate animals treated
with A12 compared with castrate mice
(both treated and untreated). B, serum
prostate-specific antigen (PSA) levels
from the various animal groups.
*, P < 0.01, each A12-treated group
versus appropriate nontreated group;
#, P < 0.05, intact + A12 versus castrate +
A12. C and D, examples of flow
cytometry measuring apoptosis of
A12-treated LuCaP 35 V tumors from a
castrate host (C) and an intact host (D).
Apoptosis is shown as events above
and to the left of the horizontal line.
E and F, flow cytometry showing the G2

(E) and G1 (F) delay of the A12-treated
LuCaP 35 V tumors grown in
noncastrate animals.
www.aacrjournals.org
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Fig. 2. A, cDNA microarray expression values of androgen-regulated genes differentially expressed in apoptotic LuCaP 35 V tumors relative to nonapoptotic
tumors from both intact and castrate animals. There were 28 genes that changed in the same direction in each pool that were significantly different
from each nonapoptotic pool as well as had a false discovery rate of <1%. Identical gene listings (such as TSC-22) indicate that different areas of the
sequence were spotted on the array. As expected, most androgen-regulated genes were increased in the intact versus castrate tumors; however, an
additional set was increased in those tumors treated with A12 in which apoptosis occurred. *, P < 0.05, apoptosis versus no apoptosis. B, results of
microarray data for TSC-22 including LuCaP 35 V xenografts grown in intact mice. TSC-22 is increased in the xenografts grown in intact mice when compared
with castrate mice and TSC-22 expression is increased even further when A12 is added (P < 0.05). C, immunohistochemistry for TSC-22 protein in
representative LuCaP 35 V xenografts. 1, negative control with TSC-22 antibody preabsorbed with TSC-22 protein; 2, untreated intact mouse; 3, A12-treated
castrate mouse; 4, A12-treated intact mouse. Note the increase in staining for TSC-22 in tumors from intact mice (2 and 4) compared with castrate mice
(3; magnification, ×40). A representative higher-magnification image (×200) is shown for the tumors from intact mice showing positive cytoplasmic staining
for TSC-22 compared with castrate host tumors, which have weak staining. D, Western blot of levels of TSC-22 in apoptotic LuCaP 35 V tumors versus
nonapoptotic LuCaP 35 V tumors from intact mice. β-Actin was used as a loading control.
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1 × 106 cells from the single-cell suspension were fixed with 10% neutral
buffered formalin followed by 70% ethanol alcohol at -20°C for 30min.
After several washes, cells were permeabilized with 0.1% Triton X-100
and incubated with FITC-conjugated dUTP and terminal deoxynucleo-
tidyl transferase enzyme at 37°C for 1 h followed by an incubation
with a propidium iodide/RNase buffer (100 μg/mL propidium iodide
and 50 μg/mL RNase) at room temperature for 60 min. Cell cycle was
determined by staining separate cell aliquots with propidium iodide as
described previously (1). Samples were analyzed by flow cytometry using
7638Clin Cancer Res 2009;15(24) December 15, 2009
a BD FACScan (BD Bioscience). Data were analyzed with CellQuestPRO

software. Apoptosis was also measured via Western blots using anti-
bodies against the intact and cleaved forms of poly(ADP-ribose) poly-
merase and caspase-3 and -7 (Cell Signaling Technology). The presence
of cleavage products with a concomitant decrease in levels of intact pro-
tein for any of these three proteins indicates apoptosis has occurred.

Cell proliferation assay. Cells were seeded in a 96-well plate
at 2,500 per well in RPMI T&S for 24 h before addition of 1 or
5 ng/mL TGF-β, 10-8 DHT, 20 ng/mL IGF-I, 40 μg/mL A12, DHT +
IGF, DHT + A12, IGF + A12, or DHT + IGF + A12. When A12 was used,
it was added 1 h before addition of other factors. Proliferation was
quantified after 72 h by a colormetric MTS tetrazolium (MTT) assay us-
ing the Cell Titer 96 AQqueous kit (Promega) according to the manufac-
turer's protocol. Eight replicates were done in each experiment and each
experiment was done three times.

Real-time PCR. M12, PC3, and LNCaP C4-2 cells were treated with
IGF-I (1, 10, and 50 ng/mL), DHT, and A12 (40 μg/mL) for 3 h. Then,
RNAwas collected and real-time PCR was done on an Applied Biosystems
7900HT Fast Real-time PR System using ABI SYBR Green 2× MasterMix
(ABI). Primers used were IGF-IR forward (5′-GAAGTGGAACCCTC‐
CCTCTC-3′), IGF-IR reverse (5′-CTTCTCGGCTTCAGTTTTGG-3′), TSC-
22 forward (5′-GAAATGTTGTCCACAAGAGTGTC-3′), and TSC-22
reverse (5′-TGCTGAGGAGACATTCGGCTG-3′).

Results

Growth and prostate-specific antigen levels of LuCaP 35 V
tumors in castrate and noncastrate mice. A12 treatment signif-
icantly reduced tumor volume and prostate-specific antigen
levels of LuCaP 35 V tumors grown in noncastrate animals
Fig. 3. TSC-22 expression in malignant human prostate glands. Matched
benign and malignant glands were laser capture–microdissected from
37 prostate cancer patients and analyzed by cDNA microarray analysis
for TSC-22 expression. TSC-22 was significantly downregulated in 30 of
37 glands (P < 0.0001).
Fig. 4. A, quantitative real-time PCR of TSC-22 in LNCaP C4-2 cells treated with IGF-I and DHT and A12. Note that IGF-I decreases TSC-22 mRNA levels
(*, P < 0.05 versus 0 or 1 ng IGF-I) and the addition of A12 inhibits this decrease (#, P < 0.01 versus non–A12-treated cells ± SE). B, proliferation assay on LNCaP
cells treated as indicated in medium containing 5% charcoal-stripped serum. Note the marked enhancement of proliferation with IGF-I and DHT consistent
withDHT increasing IGF-IR expression. Effects of DHT and IGF-I are blocked byA12. *,P <0.05, comparedwith control; #,P< 0.05, IGF +DHT comparedwithDHT
or IGF alone. C, knockdown of TSC-22 with RNA interference inhibits A12 induced apoptosis. Significant poly(ADP-ribose) polymerase (PARP) cleavage
occurred in the control (scrambled RNA interference) but occurred minimally in the TSC-22 RNA interference–transfected cells following A12 treatment.
www.aacrjournals.org
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(P < 0.01; Fig. 1A and B). Further, LuCaP 35 V tumor volumes
were significantly lower in the A12-treated intact mice than in
the A12-treated castrate mice (P < 0.05; Fig. 1A). This decrease
in tumor volume was accompanied by a significant decrease in
serum prostate-specific antigen in the treated intact mice
compared with the treated castrate mice (P < 0.05; Fig. 1B).
Cell cycle and apoptosis in xenografts. In contrast to the stud-

ies in castrate animals in which LuCaP 35 V animals treated with
A12 had smaller tumors due to an arrest in G2, 60%of the LuCaP
35 V tumors treated with A12 in intact animals underwent both
apoptosis and cell cycle arrest, either G1 or G2 (Fig. 1C-F).
Transcriptional program of LuCaP 35 V tumors treated with

A12. To identify factors that may be responsible for apoptosis,
we examined those androgen-regulated genes that were differ-
entially regulated in tumors undergoing apoptosis versus non-
apoptotic tumors from either intact or castrate mice and their
regulation in each set of animals by A12 (Fig. 2A). In the intact
group that underwent apoptosis, A12 elicited a significant in-
crease in several androgen-regulated genes, including TSC-22,
which is of particular interest because it has been associated
7639www.aacrjournals.org
with the induction of apoptosis and it is a potential tumor sup-
pressor gene for salivary, glial, and prostate cancers (4–7, 9, 20,
21). As would be expected for an androgen-induced gene, TSC-
22 mRNA levels were significantly higher in xenografts grown
in intact mice (both treated and untreated) compared with xe-
nografts grown in treated castrate mice (P < 0.01); mean mRNA
levels of TSC-22 in xenografts from treated intact mice were also
higher than those from the untreated intact mice (P < 0.05;
Fig. 2B). Immunohistochemistry on tumors showed a decrease
in TSC-22 levels in the castrate hosts compared with intact hosts
(Fig. 2C). Using Western blot, we then showed an increase in
TSC-22 protein levels for tumors that underwent apoptosis fol-
lowing A12 treatment (Fig. 2D).
TSC-22 expression in benign and malignant human prostate

glands. To determine the clinical relevance of TSC-22 in pros-
tate cancer, we examined laser capture–dissected prostate RNA
from 37 patients with prostate cancer (Gleason 6-10; ref. 22). Be-
nign and malignant glands were dissected from each individual,
so each gland served as its own control. Amplified cDNA made
from the RNA was then examined by cDNA microarray analysis
Fig. 5. A, Western blot of TSC-22 expression in M12, LNCaP C4-2, and PC-3 cells transfected with TSC-22 compared with empty vector controls. Clones
of the indicated cell lines expressing TSC-22 are shown. β-Actin is the loading control. B, representative Western blots of caspase-3 and -7 and
poly(ADP-ribose) polymerase showing increased cleavage of all three proteins over a 48-h period of culture treatment with TGF-β. Note that an increase
in cleavage of these proteins with a concomitant decrease in intact protein is associated with apoptosis. C, flow cytometry showing a sub-G0 peak, indicating
apoptosis, in the cells overexpressing TSC-22 (± A12). D, MTT assay showing the decreased proliferation of cells overexpressing TSC-22 compared
with control cells as well as in response to TGF-β. *, P < 0.01 versus M12pc control; #, P < 0.05 versus M12 TSC-22 control.
Clin Cancer Res 2009;15(24) December 15, 2009
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as described in Materials and Methods. Analysis of TSC-22
showed a significant decrease in mRNA expression compared
with normal tissue in 30 of 37 glands (P < 0.0001; Fig. 3). This
finding is consistent with a recent report using immunohisto-
chemistry showing that TSC-22 protein was also significantly de-
creased in malignant versus benign prostate epithelium (10).
In vitro effects of TSC-22 in the M12, LNCaP C4-2, and

PC-3 human prostate cancer cell lines. Because TSC-22 is an
androgen-regulated and potentially an IGF-IR negatively regu-
lated gene, we treated the androgen receptor–positive LNCaP
C4-2 cell line with both DHT and IGF-I and then exposed
the cells to either A12 or IgG. DHT exposure significantly in-
creases levels of IGF-IR in androgen receptor–positive prostate
cancer cells, including the LNCaP cell lines, but has no effect in
androgen receptor–negative lines such as PC3 (23, 24). In
LNCaP C4-2 cells grown in the absence of androgen, TSC-22
is detectable, but levels are markedly lower than in cells grown
in the presence of androgen. Real-time PCR showed a signifi-
cant decrease in the mRNA levels of TSC-22 following IGF-I
treatment and this decrease was blocked by the addition of
A12 (Fig. 4A). Proliferation assays on these cells following
treatment with DHT and A12 showed that A12 blocked the
DHT and DHT + IGF-I induced increase in proliferation
(Fig. 4B). Finally, when we used small hairpin RNAs to knock-
down TSC-22 levels in the LNCaP C4-2 cells, we saw decreased
apoptosis following DHT + A12 treatment (Fig. 4C). Thus, the
in vitro data with the androgen receptor–positive LNCaP C4-2
line reflected what we observed with the LuCaP 35 V xenografts
in vivo. For the two lines that do not express an androgen recep-
tor, M12 and PC3, no TSC-22 to very little was detected with
PCR or Western blot and levels were not altered by exposure
to DHT, IGF-I, or A12 (data not shown); because both of these
lines are androgen receptor–negative and are poorly responsive
to exogenous IGF-I, these results were expected.
Because TSC-22 expression has been associated with in-

creased apoptosis in other cancers, we overexpressed TSC-22
in the M12, LNCaP C4-2, and PC-3 cell lines (Fig. 5A) and then
evaluated the effect of increased expression of TSC-22 on re-
sponse to A12 and TGF-β treatment. Elevated expression of
TSC-22 increased apoptosis in response to A12 and TGF-β treat-
ment as shown by the significantly increased amount of cleaved
7640Clin Cancer Res 2009;15(24) December 15, 2009
caspase-3 and -7 and poly(ADP-ribose) polymerase and de-
creased levels of intact protein (P ≤ 0.01; Fig. 5B) and by flow
cytometry (Fig. 5C). Further, all of the cell lines overexpressing
TSC-22 had significantly decreased cell proliferation (P < 0.05;
Fig. 5D).
In vivo tumorigenicity of the M12 TSC-22 cells. To assess the

effect of TSC-22 expression on tumorigenicity of prostate cancer
cells, we injected male athymic nude mice subcutaneously with
either 1 × 106 empty vector control M12 cells (M12pc) or the
stably transfected M12 TSC-22 cells. Seven weeks post-injection,
4 of 10 animals (40%) injected with M12 TSC-22 cells had de-
veloped tumors compared with 8 of 10 animals (80%) injected
with M12pc cells. Further, the tumors in the TSC-22–injected
animals were significantly smaller than those in the animals
injected with the control cells (P < 0.001; Fig. 6).
Discussion

Therapy directed toward inhibition of IGF-IR is currently in
clinical trials for several malignancies. Preclinical data suggest
that it may be a successful adjunctive therapy for solid tumors,
including prostate cancer (1–3). In preclinical prostate xenograft
studies, we have shown that when the fully human monoclonal
IGF-IR antibody A12 is used as a single-agent therapy, the re-
sponse to IGF-IR inhibition differs depending on whether the
tumor is androgen-dependent (grown in an intact host) or
androgen-independent (grown in a castrate host; refs. 1, 3). In this
study, to determine if it was the innate change in the tumor as it
proceeded from androgen-dependent to androgen-independent
or the decrease in androgens resulting from castration that
accounted for the difference in response to A12, we grew the
castrate-resistant LuCaP 35 V xenograft in an intact host and
showed that the xenograft underwent apoptosis when exposed
to A12. These data suggest that genes regulated by the androgen
receptor–driven transcription program, in some fashion, sensi-
tize the cells to undergo apoptosis after inhibition of the IGF-IR.
The first of these potential genes is the IGF-IR itself. Others

and we have shown that the IGF-IR is increased in prostate can-
cer cells by activation of the androgen receptor (1, 23, 24).
However, there is no evidence that the level of androgen recep-
tor in and of itself determines whether a cell will undergo apo-
ptosis versus cell cycle arrest. Rather, these data suggest that the
presence of higher levels of androgen in the intact mice makes
the cells more sensitive to IGF-IR inhibition and thus to apo-
ptosis. Based on the results of the microarray data, several can-
didate genes that are known to be associated with tumor
suppression, including TSC-22, were upregulated in the tumors
undergoing apoptosis (8). Thus, TSC-22 is likely part of a group
of factors responsible for the effects described in this article.
TSC-22 has been associated with cellular differentiation,

shown to be associated with apoptosis in head and neck epithe-
lial cancers, and to act as a transcription repressor in hepatocel-
lular and lymphoid tumors (5, 20, 25–27). TSC-22 was first
identified in prostate cancer as a gene that was upregulated in
response to thiazolidinediones in primary prostate cancer cul-
tures (9). Rentsch et al. then showed a decrease in TSC-22 pro-
tein expression in human prostate cancer (10). In this study, we
have shown a decrease in TSC-22 transcripts in laser capture–
microdissected prostate cancer compared with normal epithelium
from the same gland.
Fig. 6. Comparison of average tumor volume 7 wk after subcutaneous
injection of either M12pc control cells or M12 TSC-22 cells into male
athymic nude mice (P < 0.001).
www.aacrjournals.org
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Nelson et al. first showed that TSC-22 was a gene that was
significantly increased by androgens in the prostate epithelium
(8). In this study, we show that TSC-22 is increased in the Lu-
CaP 35 V xenografts by androgen and further increased by the
addition of the human monoclonal IGF-IR antibody A12. Fur-
ther, we present in vitro data showing that TSC-22 is negatively
regulated by IGF-I at the mRNA level and that addition of A12
blocks this decrease. In vivo, the increase in TSC-22 was greatest
in those xenografts where apoptosis was clearly evident, sug-
gesting that TSC-22 can induce an apoptotic response in pros-
tate cancer similar to that seen in other tumors. We confirmed
this finding in vitro by showing a decrease in apoptosis in
LNCaP cells expressing a TSC-22 small hairpin RNA and an in-
crease in apoptosis following A12 treatment in three human
prostate cancer cell lines transfected with TSC-22 expression
plasmids. TSC-22 expression also decreased in vitro prolifera-
tion of these prostate cancer cell lines and decreased in vivo
tumorigenicity of the M12 TSC-22 cells compared with the
7641www.aacrjournals.org
M12pc control cells. These results support the role of TSC-22
as an androgen and potentially IGF-IR–regulated tumor
suppressor in prostate.
This study shows that an increase in TSC-22 expression is

part of the mechanism by which IGF-IR inhibition in prostate
cancer xenografts induces apoptosis. It further indicates that
inhibition of IGF-IR as a therapeutic strategy may be more ef-
fective in the presence of androgen or in androgen-dependent
disease rather than in the castrate patient with androgen-
independent disease.
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